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Introduction 

The  neurofibromatosis  2  (NF2)  gene  product  merlin  and  the  ezrin-radixin-moesin  (ERM)  family 
protein  ezrin  are  structurally  related  proteins  that  demonstrate  some  functional  similarities  and 
interact  with  each  other,  but  possess  opposite  effects  on  cell  growth.  The  experiments  of  this 
proposal  aim  to  explore  the  poorly  understood  molecular  and  cell  biological  basis  of  the  tumor 
suppressor  function  of  merlin.  Specific  emphasis  has  been  given  to  cell  cycle  stage-dependent 
targeting  of  merlin  (task  1),  analysis  of  molecular  interactions  of  merlin  previously  identified  by 
us  (tasks  2  and  3),  and  comparative  analysis  of  phosphorylation-dependent  regulation  of  ezrin 
and  merlin  (task  4).  All  four  tasks  proposed  in  the  research  plan  have  been  pursued  and  the  goals 
in  most  tasks  have  been  accomplished.  Results  from  this  project  and  from  other  groups  have 
opened  some  new  avenues  that  will  be  followed.  The  project  was  originally  recommended  to  the 
list  of  alternate  funding  on  Sept.  24th,  2004.  Funding  was  granted  on  May  10th,  2005  and  the 
funding  period  started  July  29th,  2005.  Due  to  the  over  1  year  period  between  submission  of  the 
grant  proposal  and  the  initiation  of  the  funding,  some  progress  in  the  project  (especially  tasks  3 
and  4)  was  made  prior  to  initiation  of  the  award.  This  progress  will  be  shortly  described  below, 
but  these  results  are  not  be  included  in  Reportable  Outcomes. 

Body 

The  progress  of  the  project  is  described  in  accordance  with  the  tasks  outlined  in  the  proposal. 

Task  1.  To  analyze  the  mechanisms,  regulation  and  functional  consequences  of  the  cell  cycle 
dependent  nucleocytoplasmic  regulation  of  merlin. 

To  identify  factors  that  regulate  nucleocytoplasmic  shuttling  of  merlin,  two  potential  nuclear 
localization  signals  (NLS)  in  merlin  (aa  15-20  and  aa  309-312)  were  mutated.  These  regions 
consist  of  a  stretch  of  basic  amino  acids,  which  often  are  involved  in  nuclear  targeting.  However, 
mutation  of  neither  potential  NLS  affected  merlin’s  transfer  into  the  nucleus.  As  full-length 
merlin  does  not  enter  nucleus  efficiently,  similar  deletions  were  introduced  into  a  shorter  4.1- 
ezrin-radixin-moesin  (FERM)-domain  construct,  merlin  1-339.  This  construct,  when  transfected 
to  mammalian  cells,  can  be  detected  mostly  in  the  nucleus.  Again,  introduction  of  the  mutations 
did  not  prevent  nuclear  targeting  of  merlin. 
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The  role  of  importins  in  nuclear  targeting  was  tested.  We  alalyzed,  whether  merlin  preferentially 
binds  to  certain  importin  subunits.  Recombinant  GST-importins  were  produced,  purified  and 
used  for  pull-down  assays  (Fig.  1).  None  of  the  tested  importins  were  able  to  bind  in  vitro 
translated  merlin  with  high  affinity.  Therefore,  we  have  not  pursued  this  research  avenue  further. 

To  study,  whether  phosphorylation  regulates  nuclear  targeting  of  merlin,  mutants  replacing  S518 
with  alanine  (A)  or  aspartate  (D)  were  generated.  S518  is  a  target  residue  for  protein  kinase  A 
(PKA)  (Alfthan  et  al.  2004)  and  p21  activated  kinase  (PAK)  (Kissil  et  al.  2002).  S518A  mutant 
cannot  be  phoshorylated,  whereas  S518D  is  thought  to  mimic  a  constitutively  phosphorylated 
protein.  Mutant  merlin  constructs  were  transfected  to  cells  and  compared  with  wild-type  merlin. 
No  differences  were  detected  suggesting  that  phosphorylation  of  S5 18  does  not  play  a  role  in  the 
regulation  of  nucleocytoplasmic  shuttling.  On  the  other  hand,  the  mutants  appear  to  function  in 
other  experiments  not  related  to  merlin’s  nuclear  function  (see  below). 

Task  2.  To  characterize  the  association  between  merlin  and  microtubules  and  its  functional 
relevance. 

Both  subtasks  (a  =  Identification  of  tubulin  binding  sites  in  merlin  and  regulation  of  the 
interaction)  and  (b  =  Functional  importance  of  the  interaction  between  merlin  and  microtubules) 
have  been  carried  out  and  a  report  of  these  studies  has  been  submitted  for  publication  (Muranen 
et  al.  submitted,  see  appendix).  Two  tubulin-binding  sites  were  identified  in  merlin,  one  residing 
at  the  N-tenninal  FERM-domain  and  another  at  the  C-tenninal  domain  (Muranen  et  al.,  Fig.  2). 
The  association  is  transient  and  can  be  regulated  by  merlin’s  intramolecular  association  and  by 
phosphorylation  of  serine  518  (Muranen  et  al.,  Fig.  3).  Mutant  merlin  resembling  known  patient 
mutations  (http://neurosurgery.mgh.harvard.edu/NFclinic/NFresearch.htm)  showed  weakened 
binding  to  microtubules  (Muranen  et  al.,  Fig.  2).  Analysis  of  cultured  cells  indicated  that 
colocalization  between  merlin  and  microtubules  depends  on  cell  cycle  stage;  in  synchronized 
cells  merlin  and  tubulin  colocalize  only  during  mitosis  at  the  mitotic  spindles  and  during 
cytokinesis  at  the  midbody  (Muranen  et  al.,  Fig.  1).  Further  analyses  on  the  consequences  of 
merlin  deficiency  on  microtubules  were  carried  out  in  the  most  relevant  cell  type  of  NF2  disease, 
i.e.  the  Schwann  cell.  In  primary  mouse  Schwann  cells  the  two  proteins  colocalized  at  the  cell 
membrane  (Muranen  et  al.,  Fig.  5).  In  cultured  Schwann  cells,  loss  of  merlin  induced  by 
genetical  engineering,  caused  drastic  changes  in  microtubule  organization  (Muranen  et  al.,  Fig. 
5).  In  further  mechanistic  studies  merlin  was  demonstrated  to  promote  tubulin  polymerization 
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both  in  vitro  and  in  vivo  in  Schwann  cells  (Muranen  et  ah,  Fig.  6).  These  results  indicate  that 
merlin  plays  a  key  role  in  the  regulation  of  Schwann  cell  microtubule  cytoskeleton  and  suggest  a 
mechanism  by  which  loss  of  merlin  leads  to  cytoskeletal  defects  observed  in  human 
schwannomas. 

In  additional  studies,  transfected  merlin  constructs  (wild-type  WT  and  merlin  1-547  patient 
mutant)  were  transfected  to  293HEK  and  HeLa  cells  and  their  effect  on  spindle  formation  was 
evaluated.  The  results  indicated  that  expression  of  merlin  1-547  does  not  colocalize  with 
microtubules  in  dividing  cells  and  that  expression  of  merlin  1-547  results  in  an  increased  amount 
of  multipolar  mitotic  spindles  (Fig.  2).  Tubulin  was  also  studied  in  human  mesothelioma  cell 
lines,  either  expressing  or  lacking  merlin  (Pylkkanen  et  al.  2002)  (Fig.  3  and  4).  In  these  cells,  a 
negative  correlation  was  seen  between  the  presence  of  acetylated  tubulin  and  expression  of 
merlin,  whereas  a  positive  correlation  was  seen  between  overall  tubulin  amount  and  merlin 
expression,  as  verified  by  immunob lotting. 

Task  3.  To  study  the  role  of  merlin  —  HEI10  interaction  and  its  role  in  regulation  of  cell  growth. 

A  report  describing  the  interaction  between  merlin  and  Human  Enhancer  of  Invasion  10  (HEI10) 
has  been  published  (Gronholm  et  al.  2006,  see  appendix).  Unfortunately,  due  to  a  mistake  by  the 
authors,  this  publication  fails  to  cite  the  current  research  contract  W81XWH05-1-0469.  In  this 
paper,  the  interaction  was  shown  to  be  mediated  by  the  a-helical  domain  in  merlin  and  the 
coiled-coil  domain  in  HEI10  and  it  was  shown  to  require  conformational  opening  of  merlin 
(Gronholm  et  al.,  Fig.  1-3).  The  association  appears  to  be  transient  in  vivo,  as  the  two  proteins 
show  only  partial  subcellular  colocalization,  which  depends  on  cell  cycle  stage  and  cell  adhesion 
(Gronholm  et  al.,  Fig.  4-5).  To  study  the  interplay  of  the  proteins  in  a  relevant  cell  model,  human 
primary  Schwann  cell  and  schwannoma  cultures  were  utilized.  Analysis  of  these  cells 
demonstrated  that  the  distribution  of  HEI10  depends  on  merlin  expression  (Gronholm  et  al.,  Fig. 
6).  Finally,  experiments  in  a  cellular  transfection  model  showed  that  a  constitutively  open  merlin 
construct  affects  HEI10  protein  integrity  (Gronholm  et  al.,  Fig.  7).  These  results  link  merlin  to 
the  cell  cycle  control  machinery  and  may  thus  help  understanding  of  its  tumor  suppressor 
function. 

Further  work  in  these  studies  has  involved  generation  of  HEI10  antibodies.  This  has  proven  out 
to  be  difficult  as  recombinant  HEI10  is  difficult  to  produce  in  sufficient  quantities  and  synthetic 
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HEI10  peptides  have  been  poorly  immunogenic.  Several  attempts  to  generate  novel  mouse 
mAb:s  or  rabbit  antisera  have  failed.  Finally,  antisera  against  HEI10  were  raised  commercially 
(AgriSera,  Vannas,  Sweden)  in  chicken  using  recombinant  HEI10  produced  by  us.  Although 
these  antisera  recognized  HEI10  in  ELISA  and  showed  some  reactivity  against  recombinant 
GST-HEI10  fusion  protein,  they  do  not  react  with  transfected  or  endogenous  HEI10  in  cellular 
lysates  (Fig.  5).  Neither  do  they  recognize  HEI10  in  immunofluorescence  staining.  Due  to 
several  attempts  with  negative  results,  we  are  not  planning  to  pursue  HEI10  antibody  production. 

Task  4.  To  understand  how  kinase  activity  differentially  regulates  the  functional  activity  of 
merlin  and  ezrin. 

(a  and  b).  Our  previous  studies  had  indicated  that  the  FERM-domain  of  merlin  contains  a  PKA 
phosphorylation  site  (Alfthan  et  al.  2004).  Further  experiments  using  FERM-domain  deletion 
constructs  mapped  the  phopshorylated  residue  within  amino  acids  1-100.  To  identify  the  amino 
acid(s)  phosphorylated  by  PKA,  in  vitro  mutagenesis  of  individual  potential  residues  within 
sequence  1-100  (S10,  T24,  T58)  was  carried  out.  With  this  method  it  was  demonstrated  that 
residue  S10  serves  as  the  only  FERM-domain  substrate  of  PKA  in  vitro  (Fig.  6).  Current  efforts 
aim  at  generating  antibodies  that  would  specifically  recognize  phosphorylated  S10  residue  in  the 
FERM-domain.  A  synthetic  phosphopeptide  is  used  as  an  antigen.  Furthermore,  mammalian 
expression  constructs,  in  which  S10  has  been  substituted  with  alanine  (mimics  constitutively 
non-phosphorylated  form)  or  glutamate  (mimics  constitutively  phosphorylated  form)  have  been 
generated.  These  will  be  used  in  functional  studies  aiming  at  understanding  the  role  of  S10 
phosphorylation  in  vivo. 

(c)  Most  of  the  goals  of  Task  4c  (Characterization  of  the  Src  induced  tyrosine  phosphorylation  of 
ezrin)  were  carried  out,  while  the  funding  was  not  finalized  (alternate  funding  status)  and  a  report 
of  this  work  has  been  published  (Heiska  and  Carpen,  2005).  Therefore,  the  results  are  only 
briefly  summarized  here  and  not  included  in  Reportable  Outcomes.  To  characterize  the  Src 
induced  tyrosine  phosphorylation  of  ezrin  C-terminus,  the  potential  tyrosines  were  mutated  and 
phosphorylation  of  the  mutated  peptides  was  analyzed  in  vitro.  Residue  Y477  was  shown  to  be  a 
major  substrate  of  Src,  whereas  other  residues  appeared  not  to  serve  as  significant  substrates 
(Heiska  and  Carpen,  Fig.  3).  The  result  was  confirmed  in  vivo  by  expressing  wild  type  and 
mutant  ezrin  in  cells,  in  which  Src  family  kinase  activity  can  be  stimulated  (Heiska  and  Carpen, 
Fig.  4).  A  phosphospecific  antibody,  which  recognizes  the  phosphorylated  ezrin  Y477  residue 
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was  generated.  The  antibody  works  in  immunob lotting  and  further  confirms  that  Y477  is  a  Src 
substrate  in  vivo  (Heiska  and  Carpen,  Fig.  5).  To  study  phosphorylation-dependent  molecular 
interactions  of  ezrin,  a  modified  yeast  two-hybrid  system  was  utilized.  In  this  approach  Src 
activity  can  be  induced  in  yeast  cells,  in  which  the  interaction  analysis  is  carried  out.  With  this 
technique,  a  phosphorylation-dependent  interaction  was  identified  between  ezrin  and  KTBDB2, 
a  novel  member  of  Kelch-protein  family  (Heiska  and  Carpen,  Fig.  8).  The  interaction  was  further 
verified  by  affinity  precipitations,  in  which  Src-phosphorylated  GST-ezrin  C-tenninus  and 
unphosphorylated  control  is  used  as  a  matrix  (Heiska  and  Carpen,  Fig.  8). 

To  further  analyze  the  role  of  Src  induced  phosphorylation  of  ezrin  Y477,  we  have  generated 
stable  cell  lines  with  various  fonns  of  ezrin  with  or  without  Src,  using  mouse  embryonic 
fibroblasts  (MEF)  from  ezrin  knock-out  mice  (Saotome  et  al.  2004)  as  parent  cells.  For 
establishing  the  stable  ezrin  add-back  lines,  the  wild-type  and  the  mutant  versions  of  the  full- 
length  ezrin  cDNA  were  introduced  to  pBABEpuro  vector  (Morgenstern  et.,  1990).  293  Eco 
Phoenix  retrovirus  packaging  cell  line  was  transfected  with  the  different  constructs,  the  virus 
containing  supernatant  collected  and  used  in  the  transduction  of  the  MEFs.  The  expression  vector 
containing  cell  populations  were  selected  with  2.5  mg/ml  of  puromycin  in  the  medium.  To 
express  constitutively  active  Src,  the  cells  were  further  introduced  with  a  retroviral  construct 
pLXSH-SrcY527F  (Cary  et  al  2002),  provided  by  Dr.  J.  A.  Cooper  (Fred  Hutchinson  Cancer 
Research  Center,  Seattle,  WA),  and  selected  with  0.25  mg/ml  of  hygromycin  B  (Fig.  7).  The  cells 
will  be  used  to  evaluated  the  neoplastic  features  induced  by  Src,  and  the  ability  of  merlin  to 
suppress  the  potential  oncogenic  phenotype. 


Key  Research  Accomplishments 

•  Identification  of  two  tubulin  binding  sites  in  merlin 

•  Demonstration  that  the  interaction  with  tubulin  is  regulated  by  intramolecular  association  and 
phosphorylation  of  merlin 

•  Demonstration  that  merlin  regulates  microtubule  polymerization  in  vitro  and  in  vivo 

•  Demonstration  that  microtubule  cytoskeleton  is  markedly  alterated  in  Schwann  cells  lacking 
merlin 

•  Detailed  molecular  characterization  of  the  interaction  between  merlin  and  HEI10 

•  Demonstration  that  merlin  regulates  the  integrity  of  HEI10  in  vivo 

•  Identification  of  a  second  protein  kinase  A  substrate  residue  in  merlin 
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Reportable  Outcomes 

Publications: 

Gronholm  M.,  T.  Muranen,  G.  Toby,  T.  Utermark,  CO.  Hanemann,  EA.  Golemis,  O.  Carpen.  A 
functional  association  between  merlin  and  HEI10,  a  cell  cycle  regulator.  Oncogene  25:4389- 
4398,  2006.  (Due  to  authors’  error,  this  publication  does  not  cite  the  current  research  contract 
W81XWH05- 1-0469). 

Muranen,  T.,  M.  Gronholm,  A.  Lampin,  D.  Lallemand,  F.  Zhao,  M.  Giovannini,  O.  Carpen.  The 
tumor  suppressor  merlin  interacts  with  microtubules  and  modulates  Schwann  cell  microtubule 
cytoskeleton.  Submitted. 

Gronholm  M.  Novel  Functions  of  the  Neurofibromatosis  2  Tumour  Suppressor  Protein  Merlin. 
Ph.D.  Thesis,  Faculty  of  Medicine,  University  of  Helsinki,  Finland.  2005.  (Award  for  best  thesis 
of  the  Faculty  of  Medicine,  University  of  Helsinki,  in  2005) 

Laulajainen  M.  Characterization  of  merlin’s  cell-extension  activity.  M.  Sc.  Thesis.  Department 
of  Biological  and  Environmental  Sciences,  University  of  Helsinki,  Finland.  2005. 

Presentations : 

4-6.6.  2006.  Minja  Laulajainen,  Carboxy-tenninus  regulates  morphogenic  activities  of  merlin. 
Poster  presentation.  2006  Children’s  Tumor  Foundation  International  Neurofibromatosis 
Consortium.  Aspen,  CO. 

4-6.6.  2006.  Taru  Muranen,  Merlin  interacts  with  microtubules  in  a  regulated  manner  and  affects 
the  microtubule  cytoskeleton  of  the  mouse  primary  Schwann  cells.  Poster  presentation.  2006 
Children’s  Tumor  Foundation  International  Neurofibromatosis  Consortium.  Aspen,  CO. 

Degrees: 

Gronholm  M.  Ph.  D.  degree,  University  of  Helsinki,  Finland  2005. 

Laulajainen  M.  M.  Sc.  University  of  Helsinki,  Finland,  2005. 

Novel  research  tools: 
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retroviral  plasmid  constructs  of  wild-type  ezrin  and  ezrin  Y477F,  ezrin  Y145F  and  ezrin  Y353F 
mutants  for  expression  in  mammalian  cells 

stable  MEF  cell  lines  expressing  wild-type  or  mutant  (Y145F,  Y353F,  Y477F)  cell  lines  with  or 
withouth  constitutively  active  Src. 

plasmid  constructs  with  altered  merlin  S10  and  S518  residues 

Conclusions 

The  research  project  has  advanced  well  in  all  areas  related  to  the  four  main  tasks.  The  work  has 
resulted  in  several  interesting  observations  on  the  biology  of  the  NF2  tumor  suppressor  protein, 
merlin,  and  in  one  publication  and  one  submitted  manuscript.  We  have  identified  a  novel 
function  for  merlin  as  a  regulator  of  microtubule  cytoskeleton.  This  is  a  timely  finding  as 
independent  studies  have  indicated  a  role  for  merlin  in  growth  factor  receptor  endocytosis,  an 
event  controlled  by  microtubules  (Maitra  et  al.  2006).  Studies  between  merlin  and  HEI10  have 
provided  findings  that  for  the  first  time  link  merlin  directly  to  molecules  involved  in  cell  cycle 
regulation. 

Posttranslational  modification  via  phosphorylation  seems  to  be  an  important  mechanism  in  the 
regulation  of  both  merlin  and  ezrin.  An  additional  demonstration  of  this  was  recent  identification 
of  a  merlin  phosphatase  and  demonstration  that  inhibition  of  the  phosphatase  prevents  merlin’s 
tumor  suppressor  activity  (Jin  et  al.  2006).  Our  studies  focus  on  kinase  activity,  the  other  side  of 
the  coin.  The  results  extend  previous  findings  on  the  interplay  between  PKA  signaling  pathway 
and  merlin  by  identifying  a  second  PKA  phosphorylation  site  in  merlin.  PKA  activity  has  been 
linked  to  increased  proliferative  potential  of  Schwann  cells  (Kim  et  al.  1997).  As  Schwann  cells 
are  susceptible  to  tumor  fonnation  in  NF2  disease,  our  findings  may  provide  clues  on  the 
molecular  pathways  involved  in  this  tumorigenetic  events.  Finally,  the  association  between  Src 
family  kinases  and  ezrin  may  prove  out  to  be  of  importance  for  understanding  of  NF2  disease. 
Src  activity  is  associated  with  proliferative  activity  of  Schwann  cells,  and  thus  the  findings  may 
have  relevance  in  the  biology  of  schwannomas,  the  hallmark  tumors  of  NF2. 

References 

Alfthan  K.,  Heiska  L.,  Gronhohn  M.,  Renkema  G.H.  and  Carpen  O.  (2004)  Cyclic  AMP- 
dependent  protein  kinase  phosphorylates  merlin  at  serine  518  independently  of  P21  -activated 
kinase  and  promotes  merlin-ezrin  heterodimerization.  J.  Biol.  Chem.,  279,  18559-18566. 


10 


Cary  LA,  Klinghoffer  RA,  Sachsenmaier  C,  Cooper  JA.  (2002)  SRC  catalytic  but  not  scaffolding 
function  is  needed  for  integrin-regulated  tyrosine  phosphorylation,  cell  migration,  and  cell 
spreading.  Mol  Cell  Biol.  8,  2427-2440. 

Heiska,  L.,  O.  Carpen.  Src  phosphorylates  ezrin  at  tyrosine  477  and  induces  a  phosphospecific 
interaction  between  ezrin  and  a  kelch-repeat  protein  family  member.  (2005)  J.  Biol.  Chem.  280, 
10244-10252. 

Jin  H.,  Sperka  T.,  Herrlich  P.  and  Morrison  H.  (2006)  Tumorigenic  transfonnation  by  CPI-17 
through  inhibition  of  a  merlin  phosphatase.  Nature,  442,  576-579. 

Kissil  J.L.,  Johnson  K.C.,  Eckman  M.S.  and  Jacks  T.  (2002)  Merlin  phosphorylation  by  p21- 
activated  kinase  2  and  effects  of  phosphorylation  on  merlin  localization.  J.  Biol.  Chem.,  277, 
10394-10399. 

Maitra  S.,  Kulikauskas  R.M.,  Gavilan  H.  and  Fehon  R.G.  (2006)  The  tumor  suppressors  merlin 
and  expanded  function  cooperatively  to  modulate  receptor  endocytosis  and  signaling.  Curr. 
Biol.,  16,  702-709. 

Morgenstern  JP,  Land  H.  (1990)  Advanced  mammalian  gene  transfer:  high  titre  retroviral  vectors 
with  multiple  drug  selection  markers  and  a  complementary  helper-free  packaging  cell  line. 
Nucleic  Acids  Res.  18,  3587-3596. 

Pylkkanen  L.,  Sainio  M.,  Ollikainen  T.,  Mattson  K.,  Nordling  S.,  Carpen  O.,  Linnainmaa  K., 
Husgafvel-Pursiainen  K.  (2002)  Concurrent  LOH  at  multiple  loci  in  human  malignant 
mesothelioma  with  preferential  loss  of  NF2  gene  region  Oncol.  Rep.,  9,  955-959. 

Saotome  I,  Curto  M,  McClatchey  AI.  (2004)  Ezrin  is  essential  for  epithelial  organization  and 
villus  morphogenesis  in  the  developing  intestine.  Dev.  Cell.  6,  855-864. 


11 


Appendices 


Figure  legends: 

Figure  1.  Interaction  between  merlin  and  importins.  Recombinant  GST-importin  a  and  P- 
subunits  were  produced  in  insect  cells,  purified  and  bound  to  glutathione-Sepharose  beads.  S  - 
methionine  labeled  full-length  merlin  was  produced  by  in  vitro  translation  (IVT)  in  rabbit 
reticulocyte  lysates.  IVT-merlin  was  pulled  down  with  GST-importins  and  precipitates  were  run 
on  SDS-PAGE.  IVT  produced  nucleoprotein  was  used  as  a  positive  control  with  GST- 
importin  a-5  and  plain  GST  as  a  negative  control.  Merlin  does  not  show  preferential  binding  to 
any  of  the  importin  subunits. 

Figure  2.  Merlin  1-547  does  not  colocalize  with  tubulin  and  alters  the  morphology  of 
mitotic  structures,  a,  293  cells  stably  expressing  wild-type  (wt)  merlin  or  a  carboxy-terminal 
deletion  construct  (1-547)  were  double-stained  for  merlin  and  tubulin.  Wild-type  merlin  and 
tubulin  colocalize  in  mitotic  spindles  in  analogy  with  endogenous  merlin.  In  contrast,  merlin  1- 
547  accumulates  underneath  the  cortical  membrane  without  any  colocalization  with  tubulin,  b-c, 
293HEK  cells  transfected  with  wt  merlin  or  merlin  1-547  were  evaluated  for  the  morphology  of 
mitotic  figures.  The  figures  were  categorized  as  unipolar,  normal  or  multipolar  and  their  number 
was  counted.  Mean  percentage  +/-  SE  from  four  different  experiments  is  shown.  Mitotic  figures 
of  cells  overexpressing  wild-type  merlin  do  not  differ  from  control  cells,  whereas  cells 
expressing  merlin  1-547  have  a  significantly  higher  number  of  multipolar  spindles.  Scale  bar  30 
pm. 

Figure  3.  Lack  of  merlin  correlates  with  the  presence  of  acetylated  tubulin  in  human 
malignant  mesothelioma  cell  lines.  Five  patient  mesothelioma  cell  lines  were  blotted  for  merlin 
and  acetylated  tubulin.  Mesothelioma  cell  lines  M14  and  M3  8  expressed  merlin  wheras  lines 
M10,  M25  and  Ml 46  did  not.  The  expression  of  acetylated  tubulin  correlated  negatively  with 
and  the  presence  of  tubulin  correlated  positively  with  merlin  expression.  Ezrin  was  used  as  a 
loading  control.  Acetylated  tubulin  marks  the  presence  of  older  and  more  rigid  microtubular 
structures. 
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Figure  4.  Immunocytochemical  analysis  of  acetylated  tubulin  in  mesothelioma  cell  lines. 

Mesothelioma  cells  were  immunostained  for  acetylated  tubulin.  In  line  with  immunoblotting 
result  acetylated  tubulin  staining  was  more  intensive  in  cells  lacking  merlin  (cell  lines  Ml  OK, 
M25K,  M146K)  as  compared  to  those  expressing  merlin  (M14K,  M38K). 

Figure  5.  Analysis  of  HEI10  antibody  produced  in  chicken.  Polyclonal  IgY  antibody  was 
produced  by  immunizing  chicken  with  recombinant  aGST-HEIlO  fusion  protein.  Preliminary 
screening  by  ELISA  indicated  that  the  antiserum  recognizes  recombinant  GST-HEI10.  For 
further  testing  293  HEK  cells  were  transfected  HA-tagged  HEI10,  the  cells  were  lyzed,  lysates 
run  on  SDS-PAGE  and  immunoblotted  with  chicken  antiserum  or  with  HA-antibody.  The 
chicken  HEI10  antibody  (right)  does  not  recognize  the  transfected  HEI10,  which  is  detected  by 
anti-HA  antibody  (left). 

Figure  6.  Identification  of  S10  as  a  protein  kinase  A  target  residue  in  merlin.  Bacterially 
expressed  GST-merlin  fusion  proteins  were  phosphorylated  in  vitro  using  {y-33P}ATP  and 
purified  catalytic  subunit  of  PKA.  Proteins  were  separated  on  SDS-PAGE.  A,  Mapping  of  the 
phosphorylation  site.  Potential  phosphorylation  sites  were  mutated  to  alanine  in  a  construct 
containing  merlin  residues  1-100.  Left  panel  shows  Coomassie  blue  staining  and  right  panel  is  an 
autoradiograph.  Arrows  depict  merlin.  Merlin  1-100  is  phosphorylated  whereas  control  GST  is 
not.  Mutation  of  S10A  completely  abolishes  phosphorylation,  whereas  other  mutations  do  not 
have  an  effect.  B,  N-tenninal  FERM-domain  (1-314)  of  merlin  with  and  without  serine  10 
mutation  or  GST-fusion  protein  were  phosphorylated  with  PKA  and  analyzed  as  above.  The 
mutation  had  the  same  effect  in  merlin  1-314  (shown  by  arrowhead)  as  in  merlin  1-100 
indicating  that  serine  10  is  the  only  N-tenninal  residue  phosphorylated  by  PKA  in  vitro. 

Figure  7.  Characterization  of  the  ezrin  -/-  MEF  cells  and  their  addback  subclones.  A.  Cell 
lysates  were  separated  by  SDS-PAGE  and  immunoblotted  with  a  polyclonal  anti-ezrin  antibody. 
WT  =  ezrin  wild-type;  ctr  =  vector  control  (pBABEpuro);  Y145F  =  ezrin  Y145F  mutant;  Y477F 
=  ezrin  Y477F  mutant;  Src  CA  =  constitutively  active  Src.  B.  The  same  cell  lysates  were  probed 
with  an  anti-moesin  antibody.  C.  The  lysates  were  probed  with  an  antibody  recognizing 
phosphorylated  T588moesin.  D.  The  lysates  were  probed  with  an  antibody  recognizing  active 
Src  (phosphorylated  on  Y418).  E.  Ezrin  was  immunoprecipitated  from  cell  lysates  and  tyrosine 
phosphorylation  was  detected  with  an  anti-phosphotyrosine  antibody  (left  panel).  The  same  filter 
was  stripped  and  subsequently  probed  with  the  anti-ezrin  antibody  (right  panel).  WCL  =  whole 
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cell  lysate;  pre-imm  =  preimmune  control  immunoprecipitation.  The  arrows  indicate  the 
positions  for  the  specific  bands  in  each  subfigure. 


Figures  1-7. 
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Merlin  and  ezrin  are  homologous  proteins  with  opposite 
effects  on  neoplastic  growth.  Merlin  is  a  tumor  suppressor 
inactivated  in  the  neurofibromatosis  2  disease,  whereas 
upregulated  ezrin  expression  is  associated  with  increased 
malignancy.  Merlin’s  tumor  suppressor  mechanism  is  not 
known,  although  participation  in  cell  cycle  regulation  has 
been  suggested.  To  characterize  merlin’s  biological 
activities,  we  screened  for  molecules  that  would  interact 
with  merlin  but  not  ezrin.  We  identified  the  cyclin  B- 
binding  protein  and  cell  cycle  regulator  HEI10  as  a  novel 
merlin-binding  partner.  The  interaction  is  mediated  by  the 
alpha-helical  domain  in  merlin  and  the  coiled-coil  domain 
in  HEI10  and  requires  conformational  opening  of  merlin. 
The  two  proteins  show  partial  subcellular  colocalization, 
which  depends  on  cell  cycle  stage  and  cell  adhesion. 
Comparison  of  Schwann  cells  and  schwannoma  cultures 
demonstrated  that  the  distribution  of  HEI10  depends  on 
merlin  expression.  In  transfected  cells,  a  constitutively 
open  merlin  construct  affected  HEI10  protein  integrity. 
These  results  link  merlin  to  the  cell  cycle  control 
machinery  and  may  help  to  understand  its  tumor 
suppressor  function. 

Oncogene  (2006)  25, 4389-4398.  doi:10.1038/sj.onc.l209475; 
published  online  13  March  2006 
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Introduction 

Inherited  mutations  of  the  neurofibromatosis  2  ( NF2 ) 
gene,  which  encodes  for  merlin,  result  in  the  develop¬ 
ment  of  numerous  nervous  system  tumors;  schwanno¬ 
mas,  meningiomas  and  ependymomas,  in  the 
dominantly  inherited  NF2  disease  (Louis  et  al.,  1995). 
Biallelic  NF2  gene  inactivation  has  also  been  demon¬ 
strated  in  other  tumor  types,  especially  mesotheliomas 
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(Arakawa  et  al.,  1994;  Pineau  et  al.,  2003).  The  NF2 
tumor  suppressor  protein  merlin  (schwannomin)  is 
related  to  the  ezrin-radixin-moesin  (ERM)  protein 
family.  Ezrin-radixin-moesin  proteins  are  associated 
with  the  actin  cytoskeleton  and  cell  membrane  compo¬ 
nents  and  are  involved  in  membrane  structure  morpho¬ 
genesis,  cell  adhesion,  membrane  traffic,  cell  signaling 
and  the  regulation  of  cell  growth  (Bretscher  et  al.,  2002). 

Inter-  and  intramolecular  associations  regulate  mer¬ 
lin’s  functions  and  interactions  with  other  proteins 
(Gonzalez-Agosti  et  al.,  1999;  Gronholm  et  al.,  1999). 
Two  types  of  kinases,  PAK-1/2  and  PKA  have  been 
shown  to  phosphorylate  merlin  at  serine  518  and 
regulate  its  activity  (Kissil  et  al.,  2002;  Xiao  et  al., 
2002;  Alfthan  et  al.,  2004),  but  it  is  still  unclear,  whether 
the  phosphorylation  is  sufficient  to  release  the  intramo¬ 
lecular  bond  between  the  N-terminal  FERM  domain 
and  the  C-terminus. 

In  spite  of  many  studies,  the  tumor  suppressor 
function  of  merlin  is  not  yet  understood.  Some  evidence 
indicates  that  merlin  is  involved  in  cell  cycle  control. 
Overexpression  of  merlin  can  inhibit  cell  proliferation 
(Lutchman  and  Rouleau,  1995;  Sherman  et  al.,  1997; 
Gutmann  et  al.  1999)  and  transfection  of  merlin  into 
primary  schwannoma  and  mesothelioma  cells  reduces 
proliferation  and  promotes  G0/G1  arrest  (Schulze  et  al., 
2002;  Xiao  et  al.,  2005).  Conversely,  suppression  of 
merlin  in  tumor  cells  induces  proliferation  (Huynh  and 
Pulst,  1996)  and  a  targeted  disruption  of  the  NF2  gene 
results  in  increased  cell  proliferation  and  tumor  forma¬ 
tion  (McClatchey,  2003).  In  accordance  with  a  role  for 
merlin  in  cell  cycle  regulation,  we  recently  demonstrated 
cell  cycle-dependent  nucleo-cytoplasmic  shuttling  of 
merlin  (Muranen  et  al.,  2005).  To  get  insight  into 
merlin’s  mechanism  of  action  in  cell  cycle  control  we 
exploited  the  fact,  that  in  spite  of  structural  homology, 
overlapping  subcellular  distribution,  direct  association 
and  partially  overlapping  protein  interactions,  merlin 
and  ezrin  exert  opposite  effects  on  cell  growth.  Indeed, 
increased  expression  of  ezrin  is  associated  with  enhanced 
cell  growth  and  poor  prognosis  of  malignant  tumors 
(Geiger  et  al.,  2000;  Makitie  et  al.,  2001;  Khanna  et  al., 
2004;  Tynninen  et  al.,  2004;  Ilmonen  et  al.,  2005).  To 
provide  clues  on  how  merlin  exerts  its  growth  regulatory 
activity,  we  therefore  sought  to  identify  binding  partners 
which  are  specific  for  merlin  or  ezrin. 
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HEI  10  is  a  recently  identified  cell  cycle  regulator  in 
both  yeast  and  vertebrate  cells  (Toby  et  al.,  2003). 
HEI10  encodes  a  277  amino-acid  protein,  which  consists 
of  an  N-terminal  RING-finger  motif  characteristic  of  E3 
ubiquitin  ligase,  a  coiled-coil  domain  and  a  C-terminal 
domain  with  a  VSPSR  motif,  which  is  phosphorylated 
by  cyclin  B/cdc2.  The  N-terminal  part  of  HEI10 
interacts  with  the  UbcH7  E2  ubiquitin  conjugating 
enzyme  and  both  interacts  with  and  controls  the 
accumulation  of  cyclin  B,  a  key  protein  in  cell  cycle 
control  (Toby  et  al.,  2003).  The  HEI10  gene  is  a 
component  of  a  translocation  fusion  to  the  HMG1C 
gene  in  uterine  leiomyoma  (Mine  et  al.,  2001)  and 
altered  HEI  10  expression  has  been  seen  in  melanomas 
(Smith  et  al.,  2004).  These  results  imply  that  the 
deregulation  of  HEI  10  may  have  consequences  for 
tumor  development.  Here,  we  provide  in  vitro  and  in 
vivo  evidence  of  a  direct  interaction  between  merlin  and 
HEI  10  and  a  role  for  merlin  in  regulation  of  HEI  10 
expression. 


Results 

Interaction  of  merlin  and  HEI10 

To  identify  novel  interaction  partners  specific  for  merlin 
but  not  ezrin  we  performed  a  yeast  two-hybrid  screen  of 
a  HeLa  cell  library  using  merlin  252-595  as  bait.  This 
construct  was  chosen  instead  of  the  full-length  protein, 
since  previous  studies  have  shown  that  N-  or  C- 
terminally  truncated  merlin  mimics  an  open  conforma¬ 
tion,  where  binding  sites  to  other  proteins  are  accessible 
(Gronholm  et  al.,  1999).  The  screen  identified  HEI10  as 
a  novel  binding  partner  for  merlin.  In  a  mating  assay 
merlin  constructs  1-546  and  252-595,  but  not  ezrin 
constructs  1-309  and  278-585,  interacted  with  HEI10 
(Figure  la).  To  further  study  the  interaction,  in  vitro 
binding  assays  were  performed.  In  vitro  translation 
(IVT)-produced  merlin  1-595  (wt)  or  merlin  1-547, 
which  have  previously  been  shown  to  mimic  a  consti- 
tutively  open  conformation  (Gronholm  et  al.,  1999),  was 
mixed  with  glutathione-coupled  glutathione  S-transfer- 
ase  (GST)-HEIIO  46-277  or  GST  and  bound  proteins 
detected  with  SDS-PAGE  and  autoradiography.  Glu¬ 
tathione  S-transferase-HEIlO  46-277  but  not  GST  alone 
pulled  down  merlin  1-547  and  merlin  1-595.  In  a 
reciprocal  experiment,  GST-merlin  1-547  but  not  GST 
alone  pulled  down  IVT-produced  HEI  10  1-277  (wt) 
(Figure  lb). 

In  an  additional  interaction  test,  HA-tagged  merlin 
and  ezrin  constructs  were  produced  in  yeast  and  yeast 
lysates  were  used  for  pull  down  assays  with  glutathione- 
bound  GST-HEI10  46-277.  Glutathione  S-transferase- 
HEI10  46-277  pulled  down  merlin  constructs  1-546  and 
252-595,  both  of  which  contain  the  alpha-helical  part  of 
merlin.  Full-length  merlin  or  merlin  constructs  contain¬ 
ing  only  the  N-terminal  domain  1-314  or  the  C-terminal 
domain  492-595,  were  not  precipitated  by  GST-HEI10 
46-277  (Figure  lc,  for  domain  structure  see  Figure  3). 
Again,  no  association  was  seen  between  ezrin  and  HEI  10. 


merlin  1-546 
merlin  252-595 
ezrin  1-309 
ezrin  278-585 


HEI10  JG4-5 
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Figure  1  Interaction  studies  of  merlin  and  HEI  10.  (a)  A  yeast 
two-hybrid  analysis  of  (lie  interaction  between  merlin  and  HEI  10. 
Both  merlin  baits  interact  with  HEI10  46-277,  whereas  ezrin  baits 
show  no  reactivity.  The  empty  vector  JG4-5  was  used  as  a  control. 

(b)  Interaction  between  glutathione  S-transferase  (GST)-fusion 
constructs  and  in  vitro  translated  proteins.  Left  panel  shows 
Coomassie  blue  staining  of  purified  GST-tagged  merlin  1-547  and 
HEI10  46-277  constructs.  In  middle  panel,  in  vitro  translated 
merlin  1-595  (wt)  or  1-547  were  incubated  with  glutathione 
agarose-coupled  GST-HEI  46-277  or  GST  alone.  Bound  protein 
was  detected  with  autoradiography.  Right  panel,  shows  a 
reciprocal  experiment  in  which  in  vitro  translated  HEI10  1-277 
was  allowed  to  bind  GST-merlin  1-547  or  GST  containing  beads. 

(c)  HA-tagged  merlin  and  ezrin  constructs  were  produced  in  yeast 
and  their  expression  verified  with  anti-HA  monoclonal  antibody 
(mAb)  (left  panel).  Lysates  from  yeast  expressing  HA-tagged 
merlin  and  ezrin  constructs  were  incubated  with  glutathione 
agarose-coupled  GST-HEI10  46-277.  Bound  proteins  were  de¬ 
tected  using  the  anti-HA  mAb  (right  panel). 
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The  HEI  10  rabbit  antiserum  is  not  functional  in 
immunoprecipitations.  Therefore,  to  study  whether 
merlin  and  HEI  10  interact  in  cells,  293HEK  cells  stably 
expressing  merlin  1-595  (wt)  or  merlin  1-547  were 
transfected  with  HA-tagged  HEI10.  Cells  were  lysed 
24  h  after  transfection  and  lysates  immunoprecipitated 
with  anti-HA  monoclonal  antibody  (mAb).  Filters  were 
immunoblotted  with  merlin  antibody  or  with  anti-HA 
mAb.  Merlin  1-547  (Figure  2b),  but  not  merlin  wild 
type  (wt)  (Figure  2a),  could  be  coprecipitated  with  HA- 
HEI10. 


Oncogene 


Figure  2  Coimmunoprecipitation  of  merlin  and  HEI10  from 
293HEK  cells.  293EIEK  cells  stably  expressing  merlin  wild  type 
(wt)  (a)  or  merlin  1-547  (b)  were  transfected  with  HA-HEI10.  24h 
after  transfection  cells  were  lysed  (lys)  and  used  for  immunopre- 
cipitation  with  X63  control  monoclonal  antibody  (mAb)  or  E1A 
mAb.  Precipitated  proteins  were  detected  with  merlin  A19  rabbit 
antiserum  or  anti-HA  mAb. 


Mapping  of  the  merlin  and  HEI10  interaction  sites 
The  yeast  two-hybrid  method  and  various  merlin  and 
HEI10  deletion  constructs  and  mutants  were  used  to 
further  map  the  interaction  sites  in  merlin  and  HEI10. 
Only  constructs  containing  the  alpha-helical  region  of 
merlin  interacted  with  EIEI10  (Figure  3a).  The  region 
between  merlin  306  and  339  contained  critical  residues, 
since  the  alpha-helical  sequence  306-478  bound  EIEI10, 
but  the  N-terminal  construct  1-314  or  C-tenninal 
construct  339-595  did  not.  A  EIEI10  construct  contain¬ 
ing  the  coiled-coil  domain  (residues  116-200)  was 
sufficient  for  the  interaction,  while  neither  the  N- 
terminal  RING-finger  domain  nor  the  C-tenninal 
domain  containing  the  cyclin  B/cdc2  phosphorylation 
site  bound  merlin.  Binding  was  retained  in  merlin  252- 
595  with  patient  missense  mutations  L316T  or  L316W, 
or  an  amino-acid  substitution  (A468P),  which  comple¬ 
tely  disrupts  the  PKA-RI/?-binding  site  (Gronholm 
et  al.,  2003). 

To  further  map  the  interaction  site  we  created  a 
transposon  mutation  library  of  merlin  1-546  with 
randomly  introduced  15  bp  in-frame  insertions,  each 
encoding  five  extra  amino  acids.  Constructs  were  tested 
against  EIEI10  1-200  binding  in  the  yeast  two-hybrid 
system.  Seven  independent  insertions  within  amino  acids 
275-326  disrupted  binding  of  merlin  to  HEI10.  Four  of 
these  insertions;  at  amino  acids  306,  307,  318  and  326 
localized  within  the  previously  mapped  critical  region, 
while  two  (275  and  283)  were  localized  immediately 
before  the  interaction  domain.  One  insertion  within  this 
region,  at  amino  acid  277,  did  not  affect  binding.  None 
of  the  other  insertions  prior  to  amino  acid  275  at  the  end 
of  the  FERM-domain  or  the  more  C-terminal  part  of 
the  alpha-helix  affected  HE110  binding  (Figure  3b). 

Distribution  of  merlin  and  HEI10  in  osteosarcoma  cells 
We  recently  demonstrated  that  the  subcellular  distribu¬ 
tion  of  merlin  is  altered  during  adhesion  and  cell  cycle 
progression  in  many  cell  types  including  U20S  osteo¬ 
sarcoma  cells,  which  express  both  merlin  (Muranen 
et  al.,  2005)  and  HEI10  (Toby  et  al.,  2003).  To  evaluate 
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Figure  3  Interaction  analysis  of  merlin  and  HEI10  using  the  yeast 
two-hybrid  system,  (a)  Merlin  bait  constructs  were  tested  against 
HEI10  prey  constructs  for  interactions  in  a  yeast  two-hybrid 
mating  assay.  Numbers  represent  amino  acids,  +  -  +  +  + 
indicate  weak  to  strong  color  reaction,  a  marker  of  an  interaction 
and  -  indicates  lack  of  interaction.  Merlin  252-595  includes  the 
normal  construct  and  one  with  an  introduced  PKA-binding  site 
mutation  A468P  as  well  as  known  patient  mutations  L316W  and 
L316F,  which  all  bound  with  identical  strength.  Ezrin  represents  1- 
585  (wt)  and  deletion  constructs  (del)  1-309  and  278-585.  (b)  A 
mutation  library  of  merlin  two-hybrid  construct  1-546  with 
randomly  introduced  5  amino-acid  insertions  was  used  to  test  the 
interaction  with  HEI10  1-200  in  a  yeast  two-hybrid  mating  assay. 
Insertions  in  positions  indicated  by  black  arrows  abolished  the 
interaction  with  HEI10  and  grey  arrowheads  represent  insertions 
that  do  not  alter  the  interaction.  Black  bars  underneath  merlin  and 
HEI10  represent  the  critical  residues  required  for  binding;  merlin 
amino  acids  306-339  and  HEI10  116-200,  based  on  the  constructs 
used. 


whether  merlin  and  F1EI10  are  targeted  in  a  similar 
fashion,  cells  were  trypsinized  and  allowed  to  reattach. 
During  early  reattachment,  both  merlin  and  HEI10  were 
localized  to  the  nucleus  (Figure  4a).  However,  as  cells 
started  to  spread,  merlin  and  HEI10  could  be  seen  in 
punctuate  structures  at  the  plasma  membrane.  At  this 
stage,  a  significant  fraction  of  HE110  was  still  present  in 
the  nucleus  but  most  of  the  merlin  immunoreactivity 
had  exited  the  nucleus  (Figure  4b).  When  the  cells  were 
more  fully  spread,  merlin  and  HE110  could  be  seen  in 
the  submembranous  compartment  and  diffusely  in  the 
cytoplasm  (Figure  4c). 

The  colocalization  of  merlin  and  EIEI10  in  U20S  cells  is 
dependent  on  cell  cycle  stage 

In  order  to  study  the  localization  of  HEI10  at  different 
phases  of  the  cell  cycle,  subconfluent  U20S  cells  were 
synchronized  using  nocodazole  or  mimosine  treatment. 
FACS  analysis  was  used  to  confirm  the  efficiency  of 
synchronization  and  to  monitor  the  cell  cycle  phase  after 
block  release  (not  shown).  This  experiment  revealed  that 
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Figure  4  Localization  of  merlin  and  HEI  10  in  osteosarcoma  cells.  U20S  cells  expressing  endogenous  merlin  and  HEI  10  were 
trypsinated  and  allowed  to  reattach  for  30  min  (a).  1  h  (b)  or  2  h  (c).  Cells  were  fixed  and  stained  with  merlin  IC4  monoclonal  antibody 
(mAb)  and  HEI10  rabbit  antiserum  and  images  taken  with  an  epifluorescence  microscope.  Both  proteins  are  present  primarily  in  the 
nucleus  as  cells  are  attaching.  HEI10  persists  in  the  nucleus  longer  than  merlin  during  reattachment  and  spreading.  A  partial 
colocalization,  particularly  at  the  membrane  (inset),  can  be  seen  in  fully  spread  cells. 


HEI  10  localization  varied  in  a  cell  cycle-specific  manner. 
HEI  10  colocalized  with  merlin  in  some  but  not  all  stages 
of  the  cell  cycle  (Figure  5).  In  early  G1  merlin  and 
HEI  10  were  present  in  the  nucleus  but  both  proteins 
rapidly  disappeared  from  the  nucleus  as  cells  progressed 
in  Gl.  HEI  10  returned  to  the  nucleus  in  S-phase, 
remaining  in  this  compartment  until  mitosis.  In  con¬ 
trast,  merlin  remained  at  the  cell  periphery  until  late  G2, 
at  which  state  the  protein  accumulated  in  the  perinuclear 
region.  During  the  entire  cell  cycle  a  fraction  of  both 
proteins  could  also  be  found  at  the  membrane.  We 
recently  showed  that  merlin  is  concentrated  in  the 
mitotic  spindle  of  dividing  cells  and  to  the  midbody 
during  cytokinesis  (Muranen  et  al.,  2005).  In  U20S  cells 
stained  for  HEI10,  tubulin  and  DNA,  also  HEI10 
associated  with  microtubules  at  the  mitotic  spindle  and 
the  contractile  ring  (Figure  5). 


The  localization  of  HEI  10  is  dependent  on  merlin 
expression  level 

To  study  if  the  distribution  of  HEI  10  is  dependent  on 
the  expression  level  of  merlin,  we  compared  the  RT4  rat 


schwannoma  cell  line  with  a  merlin-inducible  RT4-5-4 
variant  (Figure  6).  RT4  cells  express  very  low  amounts 
of  merlin,  but  expression  of  merlin  can  be  induced  with 
doxycycline  in  RT4-5-4  cells.  In  RT4  cells,  HEI  10  was 
seen  in  nuclei  and  diffusely  in  the  cytoplasm,  while  weak 
merlin  reactivity  was  detected  underneath  the  cell 
membrane.  RT4-5-4  cells  with  induced  merlin  expres¬ 
sion  showed  a  different  HEI  10  staining  pattern.  In  some 
cells  merlin  and  HEI  10  colocalized  in  extensions  and  at 
the  membrane  (Figure  6f).  In  around  10%  of  RT4-5-4 
cells  (an  estimation  from  500  counted  cells)  the  nucleus 
was  completely  devoid  of  merlin  and  HEI  10  (Figure  6f 
and  f).  Cells,  in  which  merlin  expression  was  not 
induced  demonstrated  strong  nuclear  HEI  10  reactivity 
(Figure  6f  and  f"). 

HEI  10  localization  was  also  studied  in  primary 
human  schwannoma  and  Schwann  cell  cultures,  which 
by  immunoblotting  were  verified  to  express  HEI  10  (not 
shown).  In  schwannoma  cells,  which  do  not  express 
merlin  due  to  biallelic  NF2  gene  inactivation,  HEI  10 
was  frequently  localized  the  nucleus  (Figure  6h)  in 
line  with  rat  schwannoma  cells.  On  the  other  hand,  in 
Schwann  cells,  which  express  merlin  (not  shown)  HEI  10 
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Figure  5  Localization  of  merlin  and  HEI10  at  different  stages  of  the  cell  cycle,  (a)  U20S  cells  were  synchronized  using  nocodazole  or 
mimosine  treatment  and  the  block  was  released.  Cells  in  early  and  late  Gl,  S  and  late  G2  phase  were  stained  with  merlin  1C4 
monoclonal  antibody  (mAb)  and  HEI10  rabbit  antiserum  and  images  taken  with  an  epifluorescence  microscope.  Nuclear  merlin  and 
HEI10  can  be  seen  at  early  Gl  (arrows)  after  which  nuclear  merlin  and  most  nuclear  HEI10  disappear  (arrows).  HEI10  shuttles  into 
the  nucleus  at  the  onset  of  S  phase  (arrow)  where  it  is  present  until  mitosis,  while  merlin  accumulates  perinuclearly  at  late  G2  phase 
(arrow),  (b)  Mitotic  cells  were  stained  with  HEI10  rabbit  antiserum,  tubulin  mAb  and  DAPI  to  detect  DNA  and  images  taken  with  a 
confocal  microscope.  HEI10  can  be  seen  in  the  mitotic  spindle  of  a  dividing  cell  and  the  contractile  ring  in  a  cell  undergoing  cytokinesis 
(arrow). 
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mainly  localized  to  the  submembranous  region 
(Figure  6g). 

The  interaction  with  merlin  affects  HEI10  protein  levels 
In  order  to  gain  insight  into  the  potential  functional 
interplay  between  merlin  and  HEI10,  293HEK  cells 
were  transfected  with  HA-EIEI10  and  merlin  constructs 
1-595  (wt),  1-547,  1-314  or  492-595,  and  expression 
levels  of  HEI10  and  merlin  assessed  72  h  after  transfec¬ 
tions  (Figure  7a).  Similar  amounts  of  HEI10  were 
detected  in  cells  coexpressing  an  empty  pcDNA3  vector, 
merlin  1-314  or  492-595.  However,  cells  coexpressing 
merlin  1-547  demonstrated  a  significantly  reduced 
amount  of  HEI10  (P=  0.0004),  and  a  minor  decrease 
was  seen  in  cells  coexpressing  merlin  1-595  (wt) 
(P=  0.019).  Quantification  of  five  experiments  indicated 


an  average  59%  reduction  of  HEI10  in  cells  coexpres¬ 
sing  merlin  1-547  in  comparison  to  control  cells,  and  a 
23%  reduction  in  cells  coexpressing  merlin  1-595  (wt). 
To  study  whether  binding  to  merlin  is  a  requirement  for 
the  decrease,  we  tested  the  merlin  1-547  construct  with 
an  insertion  at  position  307,  l-547/ins307,  which 
abolished  HEI10  binding  in  the  yeast  two-hybrid 
experiment.  Merlin  l-547/ins307,  1-547  or  1-595  (wt) 
was  co-transfected  with  HE110.  In  contrast  to  merlin  1— 
547,  which  resulted  in  a  significant  decrease  of  the 
HEI10  protein,  the  effect  of  l-547/ins307  on  HEI10 
protein  levels  was  much  weaker,  but  comparable  to  that 
of  merlin  1-595  (wt)  (Figure  7b),  although  all  merlin 
constructs  were  expressed  at  similar  levels. 

To  study  the  time  dependence  of  merlin-induced 
degradation  of  HEI10,  293HEK  cells  were  transfected 
with  merlin  1-547  and  HA-HEI10,  and  lysed  at  various 
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Figure  6  Expression  of  merlin  changes  the  subcellular  localization  of  HEI10  in  Schwann  cell  derivatives.  RT4  rat  schwannoma  cells, 
expressing  low  amounts  of  merlin  (a-c)  and  RT4-5-4  schwannoma  cells  induced  to  express  merlin  with  doxycyclin  (d-f)  were  stained 
for  merlin  with  1C4  monoclonal  antibody  (mAb)  and  HEI10  with  rabbit  antiserum  and  images  taken  with  a  confocal  microscope. 
HEI10  is  present  in  the  nucleus  of  all  cells  with  low  merlin  expression  (c).  Cells  with  high  merlin  expression  are  devoid  of  nuclear  HEI10 
(f  and  f ),  whereas  those  RT4-5-4  cells,  which  express  very  little  merlin,  show  strong  nuclear  HEI10  staining  (f  and  f").  Merlin-positive 
primary  human  Schwann  cells  (g)  and  merlin-negative  schwannoma  cells  (h)  were  stained  for  HEI10  with  HEI10  rabbit  antiserum. 
Nuclear  HEI10  is  seen  in  NF— /—  cells  but  not  in  NF  +  /+  cells  (arrows). 


intervals  (Figure  7c).  For  up  to  60  h  after  transfection, 
the  levels  of  FLA-FLEI10  remained  constant.  Flowever,  at 
72  and  90  h,  a  markedly  reduced  amount  of  FLEI10  was 
seen,  while  the  level  of  merlin  1-547  remained  un¬ 
affected. 

In  additional  experiments,  293HEK  cells  stably 
expressing  merlin  1-547  or  vector  only,  were  transiently 
transfected  with  HA-EIEI10  or  untagged  EIE110.  Cells 
were  lysed  after  60  h,  EIA-HEI10  detected  with  anti-HA 
mAb  and  untagged  FIEI10  with  the  FIEI10  rabbit 
antiserum  (Figure  7d).  In  cells  expressing  the  constitu- 
tively  open  merlin  1-547,  the  level  of  HEI10  was 
reduced  compared  to  empty  vector.  Interestingly,  in 
these  cells  a  smaller  ~22kDa  protein  band  could  be 


detected  by  the  HEI10  Ab.  This  was  apparently  a 
degradation  product,  which  was  not  detected  with  anti- 
HA  mAb  in  HA-HEIlO-transfected  cells. 


Discussion 

Resolution  of  the  tumor  suppressor  mechanism  of  the 
NF2  gene  product  merlin  requires  knowledge  of  its 
molecular  interactions.  In  this  respect,  molecules  that 
link  merlin  to  cell  cycle  regulation  are  of  special  interest. 
In  order  to  find  explanations  for  the  opposite  effects 
merlin  and  ezrin  play  on  cell  proliferation  we  have 
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focused  on  molecular  interactions  that  would  be  specific 
for  either  protein.  With  this  approach,  we  identified  the 
cell  cycle  regulator  HEI10  as  a  protein  that  binds  merlin 
but  not  ezrin. 

The  interaction,  which  was  verified  by  yeast  two- 
hybrid,  affinity  precipitation,  and  coimmunoprecipita- 
tion  experiments  is  mediated  between  coiled-coil  do¬ 
mains  on  both  proteins.  Such  domains  are  frequently 
involved  in  protein  interactions,  in  particular  during 
protein  oligomerization  (Burkhard  et  al.,  2001).  Inter¬ 
estingly,  although  the  sequence  in  ezrin  is  very  similar 
(~90%  identity)  to  the  corresponding  region  in  merlin, 
ezrin  does  not  bind  HEI10.  Only  few  interaction 
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partners  are  known  to  bind  the  alpha-helical  part  of 
merlin.  One  of  them  is  the  regulatory  subunit  Rl/f  of 
PKA  (Gronholm  et  al.,  2003).  An  amphipatic  helix 
disrupting  mutation,  which  inhibits  merlin-PKA-RI/i 
binding,  did  not  affect  HEI10  interaction  suggesting 
that  the  interactions  do  not  compete  with  each  other. 
Two  NF2  patient  missense  mutations,  L316W  and 
L316F  (http://uwcmmlls.uwcm.ac.uk/uwcm/mg/nf2/, 
2005)  have  been  identified  within  residues  306-339, 
which  is  the  critical  sequence  in  merlin.  These  mutations 
did  not,  however,  affect  binding  to  HEI10,  which 
indicates  that  disruption  of  the  interaction  is  not  the 
likely  cause  of  NF2  in  these  patients.  The  PAK1  kinase, 
which  is  essential  for  the  malignant  growth  of  NF2  gene- 
deficient  cells,  is  controlled  by  merlin  through  two 
separate  binding  domains  (Hirokawa  et  al.,  2004). 
Interestingly,  the  HEI10  binding  domain  lies  within 
one  of  them,  comprising  of  amino  acids  288-359.  Our 
results  also  indicate  that  the  association  between  merlin 
and  HEI10  needs  conformational  activation  of  merlin. 
In  yeast  two-hybrid  and  coimmunoprecipitation  experi¬ 
ments  of  transfected  293HEK  cells,  merlin  wt  did  not 
bind  HEI10.  However,  merlin  1-547  could  be  copreci¬ 
pitated  with  HEI10  from  transfected  cells  and  an  N-  or 
C-terminally  truncated  merlin  construct,  interacted  with 
HEI10  in  the  two-hybrid  experiment.  We  have  pre¬ 
viously  shown  that  N-  and  C-terminal  merlin  constructs, 
including  merlin  1-546,  mimic  an  open  conformation  of 
merlin,  and  interact  with  proteins,  which  in  vivo  need 
conformational  activation  of  merlin  (Gronholm  et  al., 
1999,  2003).  In  vitro  translation-produced  merlin  1-595 
could  be  pulled  down  by  GST-HEI10,  but  this  product 
might  not  represent  the  full-length  protein,  as  the  C- 
terminus  of  recombinant  ERM  proteins  is  easily 
degraded,  and  such  degradation  results  in  loss  of  the 
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Figure  7  Constitutively  open  merlin  regulates  HEI10  protein 
levels,  (a)  293HEK  cells  were  transiently  transfected  with  HA- 
HEI10  and  different  merlin  constructs  or  an  empty  pcDNA3  vector 
(cont).  Cells  were  lysed  after  72  h,  samples  normalized  for  protein 
concentration,  and  detected  with  A19  rabbit  antiserum  for  N- 
terminal  merlin  constructs,  08  to  detect  merlin  492-595,  anti-ElA 
monoclonal  antibody  (mAb)  to  detect  HA-HEI10  (~45kDa)  and 
HEI10  rabbit  antiserum  to  detect  untagged  HEI10  (32kDa).  In 
cells  expressing  merlin  1-547  and  1-595  (wt)  a  decreased  amount  of 
HEI10  can  be  seen.  The  bottom  panel  shows  quantified  intensity  of 
the  HEI10  band  in  cells  expressing  various  merlin  constructs.  Mean 
values  and  standard  deviation  of  five  experiments.  Bars  represent 
percentage  compared  to  control  cells  (100%).  */><0.05, 

***7><0.01.  (b)  The  same  experiment  as  above  performed  with 
merlin  1-547  with  a  five  amino-acid  insertion  at  position  307,  1- 
547/ins307.  Less  decrease  in  the  HEI10  amount  could  be  seen  with 
this  construct.  Bars  represent  percentage  compared  to  merlin  1-595 
(100%).  ***p< 0.01.  (c)  293HEK  cells  co-transfected  with  HA- 
HEI10  and  merlin  1-547  were  lysed  after  24,  36,  48,  60,  72  and  96  h 
and  detected  as  above.  Bars  represent  percentage  compared  to  the 
highest  expression  level  at  60  h  (100%).  (d)  The  same  experiment  as 
in  A  was  performed  with  cells  stably  expressing  merlin  1-547  or 
empty  vector  and  transiently  transfected  with  HA-HEI10  or 
untagged  HEI10.  A  decrease  of  the  ~45kDa  HA-HEI10  band 
can  be  seen  with  the  anti-HA  mAb  and  of  the  HEI10  32kDa  band 
with  the  HEI10  rabbit  antiserum.  An  additional  band  around 
22kDa  can  be  seen  with  the  HEI10  rabbit  antiserum  but  not  with 
anti-HA  mAb. 
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intramolecular  bond  between  N-  and  C-terminus 
(Chambers  and  Bretscher,  2005). 

Many  of  the  known  tumor  suppressors  undergo 
nucleo-cytoplasmic  shuttling  as  an  efficient,  simple  and 
rapid  way  to  control  cell  growth  (Fabbro  and  Hender- 
son,  2003).  Merlin  is  typically  localized  to  cortical  actin 
structures  in  patterns  that  partly  overlap  with  ERM 
proteins  (Gonzalez- Agosti  et  al.,  1996;  Sainio  et  al., 
1997;  Shaw  et  al.,  1998).  FLowever,  it  can  also  be 
targeted  to  the  nucleus  dependent  on  the  cell  cycle 
phase,  cell  density  and  adhesive  state  (Muranen  et  al., 
2005).  In  this  study  we  show  that  also  FIEI10  localizes  to 
the  nucleus  in  a  cell  cycle-dependent  manner  and  to  the 
cortical  actin  cytoskeleton.  The  partial  colocalization 
between  merlin  and  HEI  10  can  indicate  functional 
interplay  between  merlin  and  HEI  10  in  certain  cell  cycle 
phases.  Nucleo-cytoplasmic  shuttling  may  provide 
means  for  merlin  and  HEI  10  to  affect  cell  growth, 
although  no  nuclear  function  for  either  protein  has  been 
identified  yet. 

In  a  recent  report,  expression  of  merlin  in  a  NF2  gene- 
deficient  mesothelioma  cell  lines  caused  accumulation  of 
cells  in  G1  concomitant  with  a  decreased  expression  of 
cyclin  Dl,  inhibition  of  Cdk4  activity  and  depho¬ 
sphorylation  of  Rb,  which  are  important  steps  for  Gl/ 
S  transtition.  This  decrease  was  caused  by  merlin’s 
inhibitory  effect  on  PAK,  a  known  upstream  activator 
of  cyclin  Dl  transcription  (Xiao  et  al.,  2005).  The 
current  results  link  merlin  to  cyclin  B  and  thus  to 
another  control  point  of  the  cell  cycle.  Further  studies 
are  needed  to  find  out,  whether  the  pathways  are 
regulated  independently  or  in  parallel. 

Schwannomas  are  the  primary  manifestation  of  NF2. 
Therefore,  it  is  of  interest  that  Schwann  cells  express 
HEI  10  and  that  its  distribution  depends  on  the 
expression  of  merlin.  In  human  and  rat  schwannoma 
cells  deficient  for  merlin  expression,  HEI  10  was  targeted 
to  the  nucleus,  whereas  in  human  Schwann  cells  and  in 
rat  schwannoma  cells  expressing  increased  levels  of 
merlin,  HEI  10  was  cytoplasmic.  The  results  indicate  that 
merlin  is,  either  directly  or  indirectly,  involved  in 
targeting  of  HEI10.  An  indirect  effect  might  result  from 
the  fact  that  merlin  expressing  cells  are  more  frequently 
in  Gl  than  merlin-negative  cells  (Schulze  et  al.,  2002), 
and  during  Gl  HEI  10  was  shown  to  have  mainly 
cytoplasmic  location.  Since  both  proteins  are  exported 
from  the  nucleus  at  a  similar  time  frame  during  Gl,  it  is 
also  possible  that  merlin  contributes  to  the  transport  of 
HEI10  from  the  nucleus.  Our  interpretation  is  that  in 
cells  deficient  for  merlin,  the  function  of  HEI  10  is 
compromised  due  to  inappropriate  targeting. 

Interestingly,  the  constitutively  open  form  of  merlin 
affected  the  integrity  of  the  HEI  10  protein.  Coexpres¬ 
sion  of  merlin  1-547  with  HEI  10  resulted  in  degradation 
of  HEI  10  with  a  mechanism  that  required  binding 
between  the  two  proteins.  The  mechanism  of  degrada¬ 
tion  is  not  yet  clear.  HEI10  can  be  ubiquitinated  and  can 
function  as  an  E3  ubiquitin  ligase  (Toby  et  al.,  2003). 
However,  preliminary  experiments  with  proteasome 
inhibitors  did  not  affect  the  degradation  induced  by 
constitutively  open  merlin. 


Previously,  models  for  the  tumor  suppressor  role  of 
merlin  at  the  membrane-cytoskeleton  interphase  have 
been  proposed.  We  have  shown  a  more  versatile 
localization  of  merlin,  which  is  regulated  by  cell  cycle 
phase,  and  demonstrate  here  an  association  between 
merlin  and  the  cell  cycle  regulator.  This  suggests  that 
merlin  performs  several  functions  in  cells,  which  may  all 
be  linked  to  its  function  as  a  tumor  suppressor. 

Materials  and  methods 

Antibodies  and  probes 

1C4  mAb  (Gonzalez-Agosti  et  al.,  1996),  KFlOmAb  (den 
Bakker  et  al.,  1995)  and  A19  or  Cl 8  rabbit  antiserum  (Santa 
Cruz  Biotechnology  Inc.,  Santa  Cruz,  CA,  USA)  were  used  to 
detect  merlin.  The  anti-HEIlO  antibody  has  been  described 
(Toby  et  al.,  2003).  In  addition,  we  used  anti-HA  antibody 
(Covance  Inc.,  Princeton,  NJ,  USA),  anti-a-tubulin  mAb  N356 
(Amersham  Pharmacia  Biotech,  Buckinghamshire,  UK), 
DAP1  to  stain  DNA  (Sigma,  St  Louis,  MO,  USA)  and 
propidium  iodide  (Sigma). 

Cell  cultures  and  stainings 

U20S  human  osteosarcoma  cells  were  cultured  in  McCoy’s 
medium  supplemented  with  15%  fetal  bovine  serum,  and 
293HEK  cells  in  RPMI  medium  with  10%  FBS  and  RT4  and 
RT4-5-4  rat  schwannoma  cells  (Morrison  et  al.,  2001)  in 
DMEM  medium  with  10%  FBS.  Expression  of  merlin  in  RT4- 
5-4  cells  was  induced  by  1  )(g/ml  doxycycline  (Orion  Pharma, 
Espoo,  Finland)  for  24  h.  Since  merlin  expression  affects  RT4- 
5-4  cell  proliferation  in  confluent  cells  (Morrison  et  al.,  2001), 
cells  were  not  allowed  to  grow  to  confluency.  293HEK  cultures 
stably  expressing  full-length  merlin  (1-595,  wt),  merlin  1-547 
or  empty  pcDNA3  vector  (Invitrogen,  Carlsbad,  CA,  USA) 
were  produced  by  selection  in  100/rg/ml  hygromycin  (Gibco). 
Cells  were  fixed  in  3.5%  paraformaldehyde  (PFA),  pH  7.4,  and 
stained  with  1C4  mAb  (1:100)  or  A19  rabbit  antiserum  (1:200) 
to  detect  merlin  and  with  anti-HEIlO  rabbit  antiserum  (1:50) 
to  detect  HEI10  followed  by  Alexa488  anti-mouse  or  Alexa594 
anti-rabbit  antibodies  (Molecular  Probes,  Eugene,  OR,  USA). 
Coverslips  were  mounted  in  DABCO  (Sigma)  and  Mowiol 
(Calbiochem,  San  Diego,  CA,  USA)  and  examined  by  confocal 
microscopy  (Leica  SP2,  Leica  Microsystems,  Heerbrugg, 
Switzerland)  using  the  sequential  scanning  mode,  or  by 
immunofluorescence  microscopy  (Zeiss  Axiophot  epifluores- 
cence  microscope  equipped  with  AxioCam  cooled  CCD- 
camera,  Carl  Zeiss,  Esslingen,  Germany). 

Normal  human  Schwann  and  schwannoma  cells  were 
isolated  as  previously  described  (Hanemann  et  al.,  1998; 
Rosenbaum  et  al.,  1998).  Following  collection,  cells  were 
resuspended  in  proliferation  medium  (DMEM,  10%  fetal  calf 
serum,  500U/ml  penicillin/streptomycin  (Gibco),  0.5  pM  for- 
skolin  (Sigma),  10  nM  /1 1-heregulin  177-244  (Mark  Sliwkowski, 
Genentech,  San  Francisco,  CA,  USA),  0.5 mM  3-isobutyl-l- 
methylxanthine  (Sigma),  2.5  /(g/ml  insulin  (Sigma)).  Cells  were 
seeded  on  plates  pre-coated  with  1  mg/ml  poly-L-lysine  (Sigma) 
and  4  /zg/ml  natural  mouse  laminin  (Gibco).  Cells  were  fixed  by 
4%  PFA,  permeabilized  with  0.2%  Triton  X-100  for  5  min  and 
blocked  in  10%  goat  serum/1%  bovine  serum  albumin  in 
phosphate-buffered  saline,  before  incubation  with  the  HEI  10 
rabbit  antiserum  overnight  at  4°C  and  goat-anti-rabbit  Cy3 
1:800  (Dianova)  for  40  min.  Cells  were  analysed  on  a  confocal 
scanning  microscope  (LSM510,  Leica),  and  experiments  were 
repeated  three  times  using  cell  cultures  from  different  donors 
each. 
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Production  of  glutathione  S-transf erase  fusion  proteins 
Glutathione  5-transferase-fusion  proteins  were  expressed  in 
Escherichia  coli  (DH5a)  and  purified  following  standard 
protocols.  Fusion  proteins  were  eluted  from  glutathione- 
Sepharose  (G-Sepharose)  beads  by  5mM  reduced  glutathione 
in  50  rnM  Tris-HCl,  pH  8  over  night  at  4°C. 

In  vitro  translation 

Merlin  pcDNA3  plasmids  were  used  as  a  template  for  a  T7- 
coupled  rabbit  reticulocyte  transcription-translation  system 
(Promega,  Madison,  WI,  USA)  in  the  presence  of  35S- 
methionine  (Sigma).  Of  50  p\  reaction,  5  /d  were  separated  in 
SDS-PAGE,  the  gel  was  dried  and  exposed  on  hint  to 
determine  the  size  and  amount  of  labelled  protein.  Fusion 
proteins  on  glutathione  beads  (~  1  /(g)  were  mixed  with  IVT- 
produced  protein.  Bound  proteins  were  separated  in  SDS- 
PAGE,  and  detected  with  autoradiography. 

Affinity  precipitation 

Yeast  expressing  HA-tagged  merlin  constructs  were  lysed  with 
a  mini  beadbeater  (BioSpec  Products  Inc.,  Bartlesville,  OK, 
USA)  in  the  presence  of  1  ml  acid-washed  glass  beads  (Sigma) 
in  200  /d  of  ELB-buffer  (50  mM  Hepes,  pH  7.4,  150  mM  NaCl, 
5mM  EDTA),  1%  NP-40  and  protease  inhibitors.  Debris  was 
removed  by  centrifugation,  and  supernatant  diluted  to  ELB- 
0.5%  NP-40.  Total  protein  (200  /(g)  front  lysates  were 
incubated  with  purified  GST-fusion  protein  bound  to  G- 
Sepharose  beads  (0.5-1  /(g)  for  45  min.  Beads  were  washed  in 
ELB-0.1%  NP-40  buffer  and  bound  proteins  eluted  by  boiling 
in  non-reducing  Laemntli  sample  buffer,  separated  in  SDS- 
PAGE  and  analysed  by  immunoblotting.  Bound  proteins  were 
detected  with  anti-HA  antibody  (1:3000). 

Yeast  two  hybrid 

A  yeast  two-hybrid  screen  was  performed  with  merlin  amino 
acids  252-595  cloned  in  the  EG202  vector  as  bait  using  a  HeLa 
cDNA  library  in  the  JG4-5  vector  as  described  (Gyuris  et  al., 
1993).  Merlin,  ezrin  and  HEI10  constructs  were  cloned  into 
EG202  and  JG4-5  vectors.  Mutations  were  introduced  in 
merlin  constructs  using  the  QuickChange  Kit  (Stratagene,  La 
Jolla,  CA,  USA)  and  their  authenticity  verified  by  sequencing. 
Yeast  two-hybrid  mating  assays  and  detection  of  interactions 
were  performed  as  described  (Gronholm  et  al.,  1999). 
Identification  of  the  merlin  coiled-coil  domain  was  performed 
with  COILS-prediction  program  (www.ch.embnet.org/soft- 
ware/COILS_form.html). 

Merlin  transposon  mutation  library 

Merlin  mutation  library  with  random  pentapetide  insertions 
was  constructed  in  the  yeast  two-hybrid  vector  pYesTrp2 
(Invitrogen)  containing  merlin  1-546  using  an  in  vitro  DNA 
transposition-based  peptide  insertion  mutagenesis  system 
(Finnzymes  Oy,  Espoo,  Finland).  The  library  was  transformed 
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into  yeast  and  interaction  with  HEI10  1-200  in  the  EG202 
vector  tested  with  the  yeast  two-hybrid  mating  assay  (Gron- 
holm  et  al.,  1999). 

Cell  transfections  and  Western  blot  analysis 
293HEK  cells  were  grown  as  above  and  transfected  with  a 
pcDNA3  vector  expressing  HA-HEI10,  which  contains  6 
inserted  HA-tags  adding  ~90  amino  acids  to  the  expressed 
protein,  or  untagged  HEI10  and  different  pcDNA3/merlin 
constructs  using  the  Fugene  transfection  reagent  (Roche, 
Mannheim,  Germany).  Transfected  subconfluent  cells  were 
lysed  after  24-90  h  in  500  /d  ELB-buffer  (50  mM  Hepes,  pH  7.4, 
150 mM  NaCl,  5mM  EDTA),  supplemented  with  0.5%  NP-40, 
protease  and  phosphatase  inhibitors,  and  lysates  normalized 
for  protein  concentration.  Samples  were  separated  in  SDS- 
PAGE  and  analysed  by  immunoblotting  using  the  anti-HA 
antibody  (1:3000),  HEI10  rabbit  antiserum  (1:50)  or  merlin 
A19  rabbit  antiserum  (1:1500).  Proteins  were  detected  with 
enhanced  chemiluminescence.  Western  blot  bands  from  five 
different  experiments  were  analysed  using  the  Image  J  imaging 
program  and  the  mean  values  and  standard  deviation 
calculated. 

Coimmunoprecipitation 

293HEK  cells  stably  expressing  merlin  1-595  (wt),  1-547  or 
empty  vector  were  transfected  with  the  pcDNA3/HA-HEI10 
construct,  and  lysed  as  above.  Lysates  were  centrifuged  at 
15  000g  for  lh  at  4°C.  The  supernatant  was  incubated  with 
KF10  mAb,  anti-HA  mAb  or  X63,  together  with  protein  G- 
Sepharose  beads  (Amersham  Biosciences,  Uppsala,  Sweden) 
for  4h  at  4°C.  Immunoprecipitates  were  washed  with  ELB- 
0.1%  NP-40  and  bound  proteins  were  eluted  from  the  beads  by 
boiling  in  non-reducing  Laemmli  sample  buffer.  Precipitated 
proteins  were  detected  as  above. 

Cell  cycle  studies 

For  cell  cycle  synchronization,  U20S  cells  were  treated  with 
nocodazole  (200-400  ng/ml,  Calbiochem)  or  L-mimosine  (200- 
400  /(M,  Calbiochem).  After  18-24h,  the  block  was  released. 
At  various  time  points  after  release,  samples  were  taken  for 
immunofluorescence  analysis  as  described. 
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Abstract 

The  lack  of  Neurofibromatosis  2  tumor  suppressor  protein  merlin  leads  to  formation  of 
nervous  system  tumors,  specifically  schwannomas  and  meningiomas.  Merlin  is 
considered  to  act  as  a  tumor  suppressor  at  the  cell  membrane,  where  it  links 
transmembrane  receptors  to  actin  cytoskeleton.  Several  tumor  suppressors  interact  with 
microtubules  in  a  regulated  manner  and  control  microtubule  dynamics.  In  this  work,  we 
have  identified  merlin  as  a  novel  microtubule  organizing  protein.  Two  tubulin-binding 
sites  were  identified  in  merlin,  one  residing  at  the  N-terminal  FERM-domain  and  another 
at  the  C-terminal  domain.  Merlin’s  intramolecular  association  and  phosphorylation  of 
serine  518  regulate  the  interaction  between  merlin  and  tubulin.  Analysis  of  cultured  cells 
indicates  that  colocalization  between  merlin  and  microtubules  depends  on  cell  cycle 
stage;  in  synchronized  cells  merlin  and  tubulin  colocalize  only  during  mitosis  at  the 
mitotic  spindles  and  during  cytokinesis  at  the  midbody.  In  addition,  in  primary  mouse 
Schwann  cells  the  two  proteins  colocalize  at  the  cell  membrane.  Loss  of  merlin  in 
cultured  Schwann  cells  drastically  alters  their  microtubule  cytoskeleton.  Both  in  vitro 
assays  and  in  vivo  studies  in  Schwann  cells  indicate  that  merlin  promotes  tubulin 
polymerization.  The  results  indicate  that  merlin  plays  a  key  role  in  the  regulation  of 
Schwann  cell  microtubule  cytoskeleton  and  suggest  a  mechanism  by  which  loss  of  merlin 
leads  to  cytoskeletal  defects  observed  in  human  schwannomas. 

Words:  216 
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Introduction 

Inactivation  of  the  neurofibromatosis  2  ( NF2 )  tumor  suppressor  gene  leads  to 
development  of  multiple  benign  tumors  of  the  nervous  system,  in  particular  meningiomas 
and  bilateral  schwannomas,  Schwann  cell-derived  tumors  of  the  eight  cranial  nerve  (1). 
The  NF2  gene  encodes  a  595-amino  acid  protein  merlin  (schwannomin),  which  is  related 
to  the  ezrin-radixin-moesin  (ERM)  protein  family.  Merlin  and  ERM  proteins  are  located 
primarily  underneath  the  cell  membrane  where  they  anchor  transmembrane  proteins  to 
actin  cytoskeleton  (2,3).  ERM  proteins  and  merlin  form  homo-  and  heterotypic 
interactions  (4)  and  these  interactions  can  regulate  the  functions  of  ERM-proteins  and 
their  interactions  with  most  of  the  other  proteins  (5,6,7).  Head-to-tail  binding  leads  to  a 
closed  conformation  of  the  ERM  proteins  (4);  for  merlin,  the  closed  form  is  thought  to  act 
as  a  tumor  suppressor,  whereas  an  open  protein  is  considered  to  be  unable  to  regulate 
growth.  Phosphorylation  of  a  C-terminal  serine  (S518)  by  the  p21  activated  kinases 
(PAK's)  or  cAMP  dependent  protein  kinase  A  (PKA)  weakens  merlin’s  self-association 
and  is  believed  to  inactivate  the  growth  suppressing  activity  of  merlin  (8,9).  However,  the 
functional  regulation  of  merlin  is  still  incompletely  understood. 

Merlin  has  also  been  shown  to  be  involved  in  receptor  recycling  and  endocytosis.  It 
inhibits  PDGFR  degradation  (10)  and  binds  hepatocyte  growth  factor-regulated  tyrosine 
kinase  substrate  (HRS)  (11),  which  is  known  to  regulate  receptor  tyrosine  kinase 
trafficking  to  the  degradation  pathway  (12).  Recently  merlin  was  shown  to  regulate  EGF 
receptor  recycling  and  turnover  in  Drosophila  (13).  Thus,  increasing  evidence  is 
positioning  merlin  to  the  membrane  where  it  can  bind  membrane  receptors  and  regulate 
their  expression  and  localization. 

Microtubules  are  known  to  regulate  cell  growth.  For  instance,  microtubules  control  cell 
division  and  regulate  endocytosis  and  recycling  of  growth  factor  receptors  (14).  In 
addition,  a  common  feature  of  many  tumor  suppressors  is  their  ability  to  interact  with 
microtubules  and  regulate  microtubule  stability  (15,16).  We  set  out  to  study  merlin 
tubulin  interaction  after  we  saw  endogenous  merlin  to  colocalize  with  tubulin  in  mitotic 
structures  of  U251  cells  (17).  Even  though  merlin  has  previously  been  suggested  to  bind 
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tubulin  in  vitro  (3,18),  no  further  evidence  has  been  provided  to  support  the  binding.  Here 
we  have  studied  the  association  between  merlin  and  tubulin;  the  effects  merlin  has  on 
microtubule  dynamics,  and  the  consequences  of  loss  of  merlin  on  microtubule  system  in 
Schwann  cells.  Our  results  show  that  merlin  plays  an  important  role  in  regulating 
microtubule  cytoskeleton  of  mouse  primary  Schwann  cells. 

Results 

Merlin  associates  with  microtubules 

Previous  work  from  our  lab  shows  that  in  synchronized  U251  glioma  cells  merlin 
localizes  to  mitotic  structures  (17,19).  This  led  us  to  analyze  the  distribution  of 
endogenous  merlin  and  tubulin  at  various  cell  cycle  stages  in  U251  cells  (Fig.  1  a-i).  We 
noticed  parallel  accumulation  of  merlin  and  tubulin  around  the  nucleus  at  cells  preparing 
for  mitotic  division  (a).  During  mitosis,  merlin  colocalized  with  microtubules  at  the 
mitotic  spindles,  although  some  diffuse  merlin  staining  was  also  noticed  in  the  cytoplasm 
(b-c,  i).  During  cytokinesis  especially  the  midbody  demonstrated  high  degree  of 
colocalization  between  merlin  and  tubulin  (d-e).  The  colocalization  was  lost  at  early  Gl, 
in  which  merlin  accumulated  in  the  nucleus  while  tubulin  was  cytoplasmic  (f).  The 
staining  patterns  remained  separate  during  the  entire  Gl  and  S  phase  (g).  At  late  G2,  the 
proteins  started  to  colocalize  again  (h).  Unlike  in  U25 1  cells,  in  primary  mouse  Schwann 
cells  merlin  and  tubulin  colocalized  also  in  interphase  cells,  the  colocalization  being  most 
apparent  beneath  the  plasma  membrane  (j-m).  This  colocalization  is  also  dependent  on 
cell  confluency.  In  confluent  Schwann  cell  cultures  (j-k)  the  colocalization  was  more 
readily  detected  than  in  subconfluent  cultures  (1-m). 

Merlin  binds  polymerized  microtubules  in  vitro 

Next  we  wanted  to  identify  the  tubulin  binding  regions  in  merlin.  We  mapped  the 
interaction  sites  with  tubulin  pull-down  assay  using  various  purified  GST-merlin 
constructs  (Fig  2A).  Both  the  N-terminal  FERM-  (aa  1-314)  and  the  C-terminal  (aa  492- 
595)  domain  were  recovered  from  the  tubulin  pellet  whereas  the  a-helical  region  (aa  314- 
492)  of  merlin  or  GST  alone  (not  shown)  did  not  bind  tubulin  (Fig.  2B).  We  further 
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mapped  the  N-terminal  binding  site  to  amino  acids  1-100  and  the  C-terminal  binding  site 
to  residues  492-537  (Fig  2C).  In  addition  we  produced  in  vitro  translated  methionine- 
labeled  merlin  and  pulled  it  down  with  polymerized  tubulin.  With  this  assay  we  saw  an 
interaction  between  tubulin  and  merlin  isoforms  I  and  II  (Fig.  2C).  C-terminal  deletion 
constructs  1-569  and  1-587  bound  tubulin  similarly  to  isoform  I.  On  the  other  hand  1-547 
(1-547  construct  was  used  since  truncations  in  this  region  are  found  in  NF2  patients, 
http://neurosurgery.mgh.harvard.edu/NFclinic/NFresearch.htm)  showed  reduced  binding 
in  comparison  to  isoform  I,  whereas  a  further  truncation  of  10  residues  returned  the 
binding  activity  (Fig  2D).  A  similar  result  was  seen  with  recombinant  GST-fusion 
proteins  (Fig  2C). 

Intramolecular  association  and  phosphorylation  of  merlin  regulate  its  binding  to 
microtubules 

Merlin  has  been  shown  to  undergo  conformational  regulation  and  is  capable  of  forming 
an  intramolecular  association  between  its  N-  and  C-terminal  domains  (6).  This 
intramolecular  association  can  mask  many  of  the  binding  sites  in  merlin.  Therefore  we 
studied  whether  intramolecular  binding  affects  merlin-tubulin  binding.  Purified  C- 
terminal  GST-merlin  was  incubated  together  with  increasing  concentrations  of  the  N- 
terminus  in  order  to  saturate  the  C-terminal  binding  site.  When  C-terminus  was  saturated 
it  could  no  longer  bind  to  tubulin  and  vice  versa  (Fig  3A).  Plain  GST  incubated  with  the 
C-terminus  was  used  as  a  negative  control.  From  this  data  we  concluded  that  the 
intramolecular  interaction  is  able  to  inhibit  merlin-tubulin  binding. 

The  C-terminal  S518  of  merlin  can  be  phosphorylated  by  p21  activated  kinases  and 
cAMP  dependent  protein  kinase  A  (8,9,20).  This  phosphorylation  is  thought  to  affect 
merlin’s  growth-regulating  activity  (21,22,23).  We  wanted  to  study  whether  the  C- 
terminal  phosphorylation  has  an  effect  on  merlin-tubulin  binding.  We  phosphorylated  the 
C-terminus  of  GST-merlin  in  vitro  with  PKA  and  performed  the  tubulin  pull-down  assay 
(Fig  3B).  Phosphorylation  was  verified  by  a  “P  ATP  labeling  (not  shown).  Significantly 
lower  amount  of  merlin  was  pulled  down  after  PKA  treatment  indicating  that  the 
phosphorylation  of  the  serine  518  decreases  the  binding  of  merlin  to  tubulin  in  vitro. 
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Merlin  enhances  microtubule  polymerization  in  vitro 

Many  tumor  suppressor  proteins  affect  tubulin  polymerization  (15);  therefore  we  studied 
whether  merlin  has  an  effect  on  tubulin  polymerization.  Purified  tubulin  was  polymerized 
in  vitro  and  the  polymerization  was  monitored  at  OD350.  When  merlin  was  added  to  the 
polymerization  reaction,  the  rate  of  tubulin  polymerization  was  increased  (Fig  4A).  This 
effect  was  dependent  on  the  concentration  of  merlin  (Fig  4B).  Interestingly,  merlin  1-547, 
which  has  reduced  affinity  to  tubulin,  was  unable  to  induce  tubulin  polymerization. 

Microtubule  cytoskeleton  of  Schwann  cells  lacking  merlin 

Schwannomas,  the  hallmark  of  Neurofibromatosis  2,  originate  from  Schwann  cells. 
Therefore,  it  was  of  interest  to  study  merlin’s  effect  on  microtubule  cytoskeleton  in  this 
cell  type.  We  used  primary  mouse  Schwann  cells  lacking  merlin  (NF2Aexon2)  and  re¬ 
introduced  wild  type  merlin  via  adenovirus  infection.  The  microtubule  cytoskeleton  of 
the  NF2Aexon2  mouse  Schwann  cells  (NF2-/-)  differed  markedly  from  cells  expressing 
merlin  (NF2  add-back).  In  the  NF2  add-back  cells  microtubules  were  assembled  as  dense 
cables  reaching  from  one  end  of  the  cell  to  the  other  and  the  cells  displayed  a  normal 
spindle-like  structure  (Fig  5A).  Instead,  the  microtubules  of  the  NF2  -/-  cells  were 
disorganized,  and  the  overall  cell  shape  was  more  spread  (Fig  5B).  Similar  morphological 
differences  have  also  been  described  in  cultured  human  Schwann  cells  vs.  schwannoma 
cell  (39). 

The  amount  of  polymerized  vs.  unpolymerized  (i.e.  soluble)  tubulin  was  analyzed  from 
cells  extracted  with  Triton  X-100.  More  soluble  a-  and  (3-tubulin  was  present  in  the  NF2 
-/-  cells  than  in  wild-type  cells  (Fig  5C).  The  amount  of  soluble  tubulin  was  associated 
with  the  expression  level  of  merlin,  increasing  merlin  expression  resulting  in  reduced 
soluble  tubulin.  The  total  amount  of  tubulin  in  NF2  -/-  and  the  add-back  Schwann  cells 
was  evaluated  after  solubilization  in  6M  Urea  buffer.  When  the  Urea-lysates  were 
analyzed  in  SDS-PAGE  the  add-back  cells  appeared  to  contain  at  least  equal  amount  of 
tubulin  as  the  NF2  -/-  cells.  From  this  data  we  conclude  that  the  ratio  of 
polymerized/unpolymerized  tubulin  differs  between  NF2  -/-  and  add-back  cells;  the 
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primary  NF2  -/-  Schwann  cells  express  more  tubulin  (oc/|3)  that  is  not  associated  with  the 
microtubule  polymers. 

The  difference  in  the  integrity  of  the  tubulin  cytoskeleton  in  the  Schwann  cells  led  us  to 
test  whether  a  difference  in  the  polymerization  rates  of  tubulin  is  seen  also  in  vivo.  We 
treated  the  cells  with  Nocodazole,  which  sequesters  tubulin  monomers  and  thereby 
depolymerizes  microtubules.  Incubation  with  Nocodazole  reversed  the  normal 
morphology  of  Schwann  cells  and  the  cells  obtained  a  more  fibroblast-like  morphology 
(Fig  6 A,  0  min).  Twenty  minutes  after  the  release  of  Nocodazole  block  wild  type  cells 
began  to  regain  their  normal  morphology  and  simultaneously  organized  microtubule 
structures  were  seen,  whereas  the  NF2  -/-  cells  did  not  have  their  normal  morphology 
even  after  two  hours  of  the  block  release.  This  implies  that  the  normal  Schwann  cell 
morphology  is  dependent  on  intact  microtubule  cytoskeleton  and  that  merlin  enhances 
microtubule  polymerization  in  the  Schwann  cells. 

We  used  fluorescence  recovery  after  photobleaching  (FRAP)  technology  to  study, 
whether  tubulin  kinetics  were  altered  in  primary  Schwann  cells  lacking  merlin.  Schwann 
cells  were  transfected  with  GFP-tubulin  and  24  hours  after  transfection  the  cells  were 
analyzed  by  FRAP.  Cells  expressing  merlin  had  a  faster  recovery  rate  of  tubulin  than  the 
NF2  -/-  cells  (Fig.  6B).  Within  the  20  first  seconds  after  photobleaching,  cells  expressing 
wild-type  merlin  had  a  25%  faster  recovery  rate  of  tubulin  than  NF2  -/-  cells.  (p<0.001). 
The  data  suggest  that  merlin  is  able  to  enhance  microtubule  dynamics  in  Schwann  cells  in 
vivo. 

Discussion 

In  this  study  we  describe  a  novel  function  for  merlin  as  a  regulator  of  microtubule 
organization  and  dynamics.  We  show  that  merlin  directly  binds  tubulin  and  that  it  can 
regulate  microtubule  dynamics  in  vitro  and  in  vivo.  We  show  that  merlin  and  tubulin 
colocalize  in  centrosomes  during  mitosis  and  partial  colocalization  is  also  seen  under  the 
cell  membrane  of  interphase  Schwann  cells.  Merlin  belongs  to  the  family  of  FERM- 


7 


domain  (4.1-ezrin-radixin-/uoesin)  proteins  (24).  Previously,  another  family  member, 
protein  4.1,  was  shown  to  localize  to  centrosomes,  and  some  isoforms  of  this  protein 
were  shown  to  disturb  the  microtubule  cytoskeleton  in  th eXenopus  extracts  (25). 

The  results  indicate  that  merlin  contains  two  tubulin-binding  sites,  one  in  the  FERM- 
domain  and  another  in  the  C-terminal  domain.  The  existence  of  two  separate  binding  sites 
in  merlin  indicates  that  merlin  could  bind  either  laterally  to  the  sides  of  the  microtubules 
or  by  cross-linking  individual  microtubules  to  each  other,  this  way  'bundling'  the 
microtubules  to  thicker  entities.  Both  binding  sites  appear  to  be  required,  as  the  deletion 
construct  merlin  1-547,  which  has  a  reduced  binding  activity,  was  not  able  to  induce 
tubulin  polymerization.  An  intramolecular  association  and  phosphorylation  of  S518  in 
merlin  can  regulate  the  binding  to  microtubules.  The  binding  of  several  other  proteins  to 
microtubules  is  regulated  by  phosphorylation.  For  example  a  major  phosphoprotein  in  the 
brain,  microtubule  associated  protein  2  (MAP2),  is  phosphorylated  by  PKA  and  upon 
phosphorylation  dissociates  from  microtubules  (26).  MAP2  and  merlin  both  function  as 
protein  kinase  A-anchoring  proteins  (AKAP’s)  (27,28),  therefore  merlin  might  have  a 
similar  function  with  MAP2,  targeting  PKA  to  microtubules.  In  addition  PKA  also 
phosphorylates  merlin  (9)  and  is  able  to  modify  microtubule  dynamics  and  organization 
in  mitosis  (29).  Also  PAK,  shown  to  phosphorylate  merlin  at  S518  (8,20),  localizes  to 
centrosomes  and  affects  microtubule  formation  (30).  It  is  of  interest  that  the  machinery 
known  to  regulate  phosphorylation  of  merlin  localizes  to  the  centrosomes  at  mitosis,  in 
analogy  with  merlin.  Previously  it  has  been  reported  that  phosphorylation  of  merlin 
results  in  conformational  opening  of  the  molecule  (23).  However,  in  light  of  our  study  it 
seems  that  the  regulation  is  more  complex  than  previously  thought.  We  hypothesize  that 
there  is  a  state  where  merlin  is  open  but  dephosphorylated  at  S518  since  our  data  shows 
that  only  the  open  but  S5 1 8  dephosphorylated  merlin  is  able  to  bind  tubulin. 

Our  data  implies  that  merlin  plays  an  important  role  in  regulating  Schwann  cell 
microtubule  cytoskeleton.  The  overall  spindle-like  cell  shape  disappears  when  merlin  is 
removed  from  these  cells  and  the  normal  organization  of  microtubules  is  altered.  It  also 
seems  that  the  ratio  of  polymerized  and  unpolymerized  tubulin  is  affected  by  merlin,  i.e. 
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Schwann  cells  that  lack  merlin  have  more  unpolymerized  tubulin  than  cells  expressing 
merlin.  The  NF2  -/-  cells  contain  more  acetylated  tubulin,  which  is  usually  a  marker  of 
older  and  more  stabile  structures.  This  might  imply  that  tubulin  polymerization/turn-over 
is  not  as  efficient  in  the  NF2  -/-  cells  as  in  merlin-expressing  cells.  Our  FRAP  data 
supports  this  finding;  it  appears  that  tubulin  turnover  is  higher  in  merlin-expressing 
Schwann  cells.  The  results  from  the  Nocodazole-repolymerization  experiment  further 
confirm  these  data;  tubulin  polymerization  is  much  slower  in  the  NF2  -/-  cells. 
Unfortunately,  in  our  experimental  FRAP  setup,  it  was  not  possible  to  monitor  the 
dynamics  of  individual  microtubules  due  to  the  thickness  of  the  cells  and  due  to  the  high 
amount  of  free  tubulin  dimers.  Therefore,  by  FRAP  we  have  only  analyzed  tubulin 
recovery  as  a  tubulin  pool  and  not  as  microtubule  polymers.  The  difference  might  have 
been  even  greater  if  we  had  been  able  to  study  individual  microtubule  polymers.  It  also 
seems  that  microtubules  are  a  major  contributor  to  the  Schwann  cell  morphology  as  after 
depolymerization  of  microtubules  Schwann  cell  morphology  resembled  that  of 
fibroblasts. 

Microtubules  regulate  endocytic  pathways  (31).  A  recent  paper  by  Maitra  et  al.  (2006) 
links  also  merlin  to  endocytic  events  (13).  They  noticed  that  insect  cells  expressing 
mutant  merlin  together  with  mutant  Expanded  protein  expressed  increased  amounts  of 
several  signaling  receptors  at  the  membrane  and  their  receptor  recycling  rate  was 
reduced.  This  is  of  interest  since  merlin  is  known  to  interact  with  a  hepatocyte  growth 
factor  regulated  tyrosine  kinase  substrate  (HRS)  (11)  that  regulates  endosome  mediated 
protein  trafficking  (12)  and  receptor  sorting  (32).  In  addition,  Fraenzer  et  al.  (2003)  have 
reported  that  platelet  derived  growth  factor  receptor  (PDGFR)  is  more  rapidly  degraded 
in  merlin  expressing  Schwann  cells  than  in  cells  lacking  merlin  (10).  Recently  it  has  been 
shown  that  cells  use  a  specific  sorting  mechanism  of  fast  and  slow  maturation  of  the 
endocytic  vesicles.  Certain  receptors,  such  as  EGFR,  are  recycled  through  a  dynamic 
pool  of  early  endosomes  that  are  highly  mobile  on  microtubules  and  that  mature  rapidly 
towards  the  late  endosomes.  This  rapid  movement  and  maturation  is  completely 
dependent  on  microtubules;  if  microtubules  are  disrupted  the  dynamic  vesicles  will  non- 
selectively  join  all  early  endosomes  and  are  less  efficiently  degraded  (33).  Two  papers 
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have  localized  merlin  to  early  endosomes  (11,13).  Thus,  it  is  possible  that  merlin 
functions  as  a  linker  at  the  plasma  membrane,  helping  receptor-containing  endocytosed 
vesicles  to  attach  to  microtubules.  If  cells  lack  merlin,  this  receptor  recycling  might  be 
slower,  and  the  receptors  would  be  cleared  from  the  membrane  less  efficiently.  We 
propose  that  merlin  plays  a  dual  role  at  the  membrane  of  Schwann  cells,  partly  by 
transferring  early  endocytic  vesicles  to  rapidly  growing  microtubules  with  the  help  of  Hrs 
and  partly  by  increasing  microtubule  polymerization  rate  thus  enhancing  the  vesicle 
maturation  process. 

In  the  past  years  several  tumor  suppressor  proteins,  including  p53,  APC,  VHL  and 
BRCA1  have  been  shown  to  bind  and  regulate  microtubules  (15).  Here  we  show  that  also 
merlin  binds  microtubules,  regulates  their  polymerization  and  has  an  important  role  in  the 
establishment  of  normal  Schwann  cell  morphology.  Schwannoma  cells  from  patients 
display  altered  morphology  with  long,  multiple  extensions  (34).  According  to  our  study 
this  altered  morphology  seems  to  be  associated  with  disturbed  microtubule  cytoskeleton, 
linking  the  interplay  of  merlin  and  tubulin  to  normal  Schwann  cell  development  and 
possibly  to  schwannoma  formation. 

Materials  and  methods 

Cell  lines  and  antibodies 

U251  glioma  cells  were  maintained  in  Dulbecco's  Minimum  Essential  Medium  (MEM), 
supplemented  with  10  %  fetal  calf  serum  (PromoCell,  Heidelberg,  Germany),  1  %  L- 
glutamine  and  50  ug/ml  gentamycin  (Invitrogen).  Cells  were  fixed  in  3,5  % 
paraformaldehyde,  pH  7,5.  Primary  Schwann  cells  were  isolated  and  cultured  as 
previously  described  (35).  Anti-merlin  polyclonal  rabbit  antibodies  A-19  sc-331,  C-18 
sc-332  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA),  1398  NF2  (36),  anti-schwannomin 
(37),  and  mouse  mAb  KF10  (36)  were  used.  TO-PRO  3-iodide  probe  (Invitrogen, 
Molecular  Probes)  was  used  for  DNA  staining.  Monoclonal  anti-oc-,  -p-  and  -acetylated- 
tubulin  antibodies  (Sigma-Aldrich)  were  used  to  detect  tubulin.  Anti-GST  polyclonal 
goat  antibody  (GE  Healthcare)  was  used  to  detect  GST  proteins.  Alexa  488-,  568-,  594- 
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and  633-conjugated  goat  anti-mouse  and  goat  anti-rabbit  antibodies  (Invitrogen, 
Molecular  Probes)  were  used  as  secondary  antibodies  in  immunofluorescence  and  HRP- 
conjugated  rabbit  anti-mouse  and  swine  anti-rabbit  and  anti-goat  (Santa  Cruz)  secondary 
antibodies  (DAKO  A/S,  Glostrup,  Denmark)  in  western  blot  analysis. 

Plasmids  and  protein  expression  constructs 

The  following  merlin  constructs:  isoform  I  (aa  1-595),  isoform  II,  and  isoform  I  variants 
S518A,  S518D,  1-314,  1-537  and  1-547)  in  pcDNA3  (Invitrogen)  were  used  for  in  vitro 
translation.  Luciferase  cDNA  was  used  as  a  negative  control.  For  expression  of 
recombinant  GST-merlin  fusion  proteins,  the  following  constructs  were  used:  merlin  N- 
terminus  (aa  1-100  and  aa  1-309),  merlin  a-helical  domain  (aa  314-477),  C-terminus  (aa 
492-595)  and  C-terminus  with  S518A  mutation  as  described  previously  (9),  merlin  1-537 
and  merlin  1-547. 

Adenovirus  construct  were  made  using  Stratagene’s  AdEasy  system.  Full-length  merlin 
was  cloned  into  the  adeno  vector  and  the  virus  was  produced  according  to  manufacturer’s 
instructions  in  293  cells.  The  infection  titer  was  optimized  to  have  100%  efficiency  and 
verified  by  immunofluorescence  staining.  EGFP-tubulin  construct  was  obtained  from 
Invitrogen,  and  transfection  to  primary  Schwann  cells  was  done  with  Lipofectamine 
PLUS  (Invitrogen). 

In  vitro  translation  and  quantification  of  labeled  proteins 

Merlin  pcDNA3  plasmids  (Invitrogen)  were  used  as  a  template  for  a  T7-coupled  rabbit 
reticulocyte  transcription-translation  system  (Promega,  Madison,  WI)  in  the  presence  of 
35S-methionine.  5  pi  of  50  pi  reaction  were  run  in  to  SDS-PAGE,  gel  was  dried  and 
exposed  to  film  to  determine  the  size  and  amount  of  the  labeled  protein.  For 
quantification  the  gel  was  also  exposed  to  Phospholmager  low  energy-plate  (GE 
Healthcare),  read  by  Typhoonlmager  9400  (GE  Healthcare)  and  analyzed  by 
ImageQuantTL2003  software  (GE  Healthcare). 

GST-fusion  protein  production 
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GST-fusion  proteins  were  expressed  in  E.  coli  DH5a  and  purified  following  standard 
protocol.  Fusion  protein  was  eluted  from  the  Glutathione  Sepharose  beads  (GE 
Healthcare)  by  5  mM  reduced  glutathione  in  50  mM  Tris-HCL  pH  8.0,  over  night  at 
+4°C.  Before  some  tubulin  pull-down  assays  different  amounts  of  N-  and  C-terminus 
were  incubated  in  50  mM  Tris-HCl,  150  mM  NaCl  (pH  8.0)  for  30  min  at  room 
temperature.  The  eluted  fusion  proteins  for  the  PKA  assay  were  dialyzed  against  20  mM 
Tris-HCl,  10  mM  MgCf,  pH  7.4  at  +4°C  o/n.  Wild  type  merlin  was  produced  in  Sf9 
insect  cell  line.  Merlin  with  an  N-terminal  GST-tag  was  cloned  into  a  baculovirus  transfer 
vector  pAcG2T  (BD  Biosciences)  and  then  produced  with  the  BaculoGOLD  system  (BD 
Biosciences),  Sf9  cells  were  used  to  produce  recombinant  merlin  according  to  user’s 
manual  (Invitrogen).  Full-length  merlin  was  purified  after  one  day  of  infection  following 
standard  GST-purification  protocol,  the  cells  were  lysed.  The  proteins  were  used 
immediately  after  purification. 

In  vitro  phosphorylation 

GST-proteins  were  dialyzed  against  the  reaction  buffer  and  run  into  SDS-PAGE,  protein 
amounts  estimated  and  equal  amounts  of  each  construct  were  used  in  the  in  vitro 
phosphorylation  assay.  Total  volume  of  the  reaction  was  40  pil  including  PKA  reaction 
buffer  (20mM  Tris-HCl,  10  mM  MgC12,  pH  7.4),  200  pM  ATP  and  purified  human  or 
bovine  catalytic  subunit  of  PKA  (Sigma-Aldrich).  Reaction  was  incubated  30  min  at 
+30°C  and  was  stopped  by  adding  20  pM  PKA  inhibitor  H89  (Sigma-Aldrich). 

Tubulin  pull-down  assay 

Tubulin  pull-down  was  performed  with  35S  labeled  in  vitro  translated  protein,  eluted 
GST-fusion  protein  or  with  in  vitro  PKA  phosphorylated  eluted  GST-fusion  protein. 
Equal  protein  amounts  were  used  in  all  experiments.  70  pg  of  purified  bovine  tubulin 
(Cytoskeleton)  was  added  to  tubulin  polymerization  buffer  (80  mM  PIPES,  0.5  mM 
MgCl,  1  mM  Ethylene  glycol-bis,  1  mM  GTP,  pH  6.9,  10  %  glycerol,  10  pM  Taxol)  to  a 
final  volume  of  200  pi  and  the  microtubules  were  allowed  to  polymerize  at  +37°C  for  30 
min  in  the  presence  of  different  merlin  constructs.  After  this  50  pi  were  removed  and 
labeled  as  'total'  fraction  and  the  remaining  150  pi  were  centrifuged  at  1 1  503  g  for  30 
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min  at  +30°C  to  collect  the  polymerized  microtubules.  Supernatant  was  removed  and  the 
pellet  was  resuspended  in  150  pi  of  polymerization  buffer.  Twelve  ul  of  each  fraction 
were  analyzed  on  SDS-PAGE. 

Western  blot 

Primary  Schwann  cells  were  lysed  in  ice  cold  ELB  buffer  (150  mM  NaCl,  50  mM  Hepes 
pH  7.4,  5  mM  EDTA,  0.5%  NP40,  and  Complete  protease  inhibitor  cocktail  tablet, 
Roche)  or  in  mild  Triton-X  buffer  (50  mM  Tris  pH  7.4,  150  mM  NaCl,  1  mM  EDTA,  1% 
Triton-X  100,  1  mM  PMSF)  including  protease  inhibitors  (Complete),  cells  were 
incubated  on  ice  for  15  minutes  and  centrifuged  at  full  speed  in  +4  C  for  15  minutes. 
Alternatively,  cells  were  scraped  in  ice  cold  PBS,  centrifuged  briefly  and  the  cell  pellet 
was  suspended  into  Urea-buffer  (50  mM  Tris,  6  M  Urea,  pH  7,4).  The  cells  were  lysed 
for  15  minutes  and  briefly  sonicated.  The  protein  amounts  were  analyzed  either  by  the 
Bradford  assay  or  by  Coomassie  staining.  Equal  amounts  of  proteins  were  run  into  gel 
transferred  into  nitrocellulose  membrane  and  blotted  with  antibodies. 

Immunofluorescence,  laser  scanning  confocal  microscopy  and  FRAP 

Cells  were  fixed  in  3.5%  PFA  for  10  min,  washed  in  PBS  and  permeabilized  for  5  min  in 
0.1%  Triton  X-100/PBS  and  blocked  at  5%  BSA  in  PBS.  Cells  were  stained  with  merlin 
and  tubulin  antibodies  (diluted  1:100  and  1:200,  respectively)  followed  by  secondary 
antibodies  or  TO-PRO  3 -iodide  or  DAPI  nuclear  stain.  Double  stainings  were  performed 
sequentially.  Coverslips  were  mounted  in  DABCO  (Sigma)  and  Mowiol  (Calbiochem)  or 
Vectashield  (Vector  Laboratories,  Burlingame,  CA)  and  examined  by  confocal,  Leica 
SP2  equipped  with  Ar  and  Kr  lasers  (Leica  Microsystems,  Heerbrugg,  Switzerland)  or 
Zeiss  LSM  510  META  using  the  sequential  scanning  mode  or  by  immunofluorescence 
microscopy  (Zeiss  Axiophot  equipped  with  AxioCam  cooled  CCD-camera,  Carl  Zeiss, 
Esslingen,  Germany). 

Live  cell  imaging  was  performed  in  pre-warmed  microscope  chambers  at  +37°C  with  20 
mM  Hepes  as  a  buffering  agent  in  the  medium.  Cells  were  plated  on  LabTek  borosilicate 
#1.5  imaging  chambers  (Nunc,  Naperville,  IL)  and  imaged  with  confocal  microscope. 
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FRAP  analysis  was  performed  with  Zeiss  LSM  510  META  confocal  microscope,  pre¬ 
bleach  images  were  obtained  after  which  lasers  were  turned  to  full  power  and  region  of 
interest  was  bleached  50  times,  the  same  settings  were  used  for  all  FRAP  experiments 
including  the  region  of  interest.  Data  analysis  was  performed  in  Zeiss  META  and  in 
Microsoft  Excel. 

Statistical  and  image  analysis 

All  statistical  analyses  were  performed  in  Excel  with  Student’s  T-test  using  two-tailed 
distribution  and  image  analysis  was  performed  with  Image  J  1.36b.  Images  were 
processed  with  Adobe  Photoshop. 

In  vitro  tubulin  polymerization  and  other  experiments 

In  vitro  tubulin  polymerization  was  performed  on  UV-permeable  96-well  plates.  Tubulin 
was  purified  from  bovine  brain  as  previously  described  (38)  and  recombinant  merlin  was 
produced  in  Sf9  insect  cells  as  described  in  the  GST-fusion  protein  section.  Nocodazole 
20  pM,  Taxol  20  pM  (Sigma)  and  MAP's  were  used  as  controls  in  the  polymerization 
reaction.  The  polymerization  buffer  (80  mM  PIPES,  0.5  mM  MgCl,  1  mM  Ethylene 
glycol-bis,  1  mM  GTP,  pH  6.9,  10  %  glycerol,  10  pM  Taxol)  was  mixed  with  tubulin  (25 
pM)  and  merlin  constructs  (different  amounts)  were  added  on  ice.  At  the  beginning  of  the 
experiment  the  96-well  plate  was  transferred  to  pre-warmed  96-well  plate  reader  that 
measured  the  OD  at  350  nm  every  5  min  at  +37°C  for  60  minutes.  The  Nocodazole 
experiment  was  performed  on  primary  Schwann  cells  with  or  without  the  re-expression  of 
merlin  via  adeno-infection.  Cells  were  incubated  with  8  pM  Nocodazole  overnight  after 
which  the  block  was  released  and  the  cells  were  fixed  at  indicated  time  points.  The  cells 
were  stained  for  tubulin  and  merlin. 
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Legends  to  figures 
Figure  1, 

Merlin  colocalizes  with  microtubules  in  U251  glioma  and  primary  mouse  Schwann  cells, 
a-i)  U251  glioma  cells  were  synchronized  and  stained  for  merlin  (green)  and  tubulin 
(red).  The  cells  were  fixed  at  different  points  of  the  cell  cycle,  the  cell  cycle  phase  was 
verified  by  FACS  analysis  and  the  localization  of  the  two  proteins  was  analyzed.  Merlin 
and  tubulin  start  to  colocalize  as  cells  are  approaching  mitosis.  At  this  point  the  two 
proteins  start  to  accumulate  around  the  nucleus  (a).  During  mitosis  merlin  localizes  to 
mitotic  spindles  (b-c,  i)  and  later,  during  cytokinesis,  at  the  midbody  (d-e).  After  mitosis 
the  two  proteins  have  separate  staining  patterns  when  merlin  localizes  to  nucleus  and 
cytoplasm  (g).  At  late  G2  tubulin  and  merlin  start  to  colocalize  again  (h).  j-m)  In  the 
primary  mouse  Schwann  cells  merlin  (green)  and  tubulin  (red)  colocalize  also  in  the 
interphase  cells  (j,l).  The  colocalization  takes  place  at  the  membrane  areas  of  the  cells 
and  can  be  seen  most  clearly  when  analyzed  by  confocal  microscope  and  after 
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colocalization  analysis  (k,m)  (analysis  by  Image  J).  Colocalization  (white  areas)  of 
merlin  and  tubulin  is  more  easily  seen  in  confluent  cultures  (k)  when  compared  to 
subconfluent  cultures  (m).  Nuclei  were  stained  with  DAPI  (blue).  Scale  bar  10  pm. 

Figure  2 

Merlin  binds  polymerized  tubulin  in  vitro.  A)  A  schematic  drawing  on  merlin’s  domains. 
B)  Tubulin  binding  sites  in  merlin  were  mapped  by  tubulin  pull-down  assay,  in  which 
recombinant  GST-merlin  was  bacterially  produced  and  pulled  down  with  polymerized 
microtubules  by  ultracentrifugation.  Merlin  N  (amino  acids  1-314),  merlin  oc-helical  (aa 
314-492)  and  merlin  C  (aa  492-595)  constructs  were  used  in  the  pull-down  assay.  Total 
(t),  supernatant  (s)  and  pellet  (p)  fractions  with  or  without  tubulin  were  run  into  SDS- 
PAGE,  blotted  for  merlin  and  analyzed.  Merlin  N-  and  C-terminus  were  recovered  from 
the  tubulin  pellet.  C)  The  binding  site  was  further  mapped  in  merlin  by  performing  a 
tubulin  pull-down  reaction  with  merlin  constructs  1-100,  1-537  and  the  patient  mutation 
1-547.  In  the  merlin  N-terminus  binding  was  mapped  to  aa  1-100  and  in  the  C-terminus 
to  aa  492-537  (B  and  C).  D)  In  vitro  translated  S35  methionine  labeled  merlin  was 
produced  and  used  for  in  vitro  tubulin  pull-down  experiments.  Merlin  was  pulled  down 
with  polymerized  microtubules  and  the  amount  of  merlin  in  pellet  was  analyzed  and 
compared  to  total  amount  of  merlin  (%).  Merlin  isoforms  1  and  2  both  associated  with 
microtubules.  Also  C-terminally  deleted  merlin  constructs  associated  with  microtubules. 
A  patient  mutation  construct,  merlin  1-547,  did  not  associate  with  microtubules  equally 
well. 

Figure  3 

Intramolecular  association  and  phosphorylation  of  S5 1 8  in  merlin  inhibits  its  binding  to 
tubulin.  A)  In  vitro  tubulin  pull-down  assay  was  performed  with  purified  GST-merlin 
constructs.  C-terminal  merlin  (aa  492-595)  was  incubated  with  increasing  amounts  of  N- 
terminal  merlin  (1-314).  Total  (t),  supernatant  (s)  and  pellet  (p)  samples  were  analyzed  by 
Western  blot  with  an  antibody  recognizing  N-  or  C-terminal  merlin.  When  the  C- 
terminus  was  saturated  with  the  N-terminus  it  could  no  longer  bind  tubulin.  As  a  control 
the  C-terminus  was  incubated  with  plain  GST.  B)  C-terminus  of  GST-merlin  was 
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phosphorylated  in  vitro  with  PKA  and  tubulin  pull-down  assay  was  performed.  When 
S518  was  phosphorylated  merlin-tubulin  binding  decreased  markedly  (p=0.006).  The 
graph  shows  average  +/-  SD  of  six  experiments. 

Figure  4 

Merlin  enhances  tubulin  polymerization  in  vitro.  A-B)  Purified  tubulin  from  bovine  brain 
was  polymerized  in  vitro  at  +37°C  and  the  polymerization  was  monitored  at  OD350.  Full 
length  and  1-547  merlin-GST  fusion  proteins  were  produced  in  Sf9  cells.  Taxol  was  used 
as  a  positive  control  for  tubulin  polymerization,  plain  tubulin  was  used  as  a  zero  control 
and  Nocodazole  was  used  as  a  control  for  tubulin  depolymerization.  When  full-length 
merlin  (WT)  was  added  into  the  polymerization  reaction,  tubulin  polymerized  more 
rapidly.  Merlin  1-547  was  not  able  to  induce  tubulin  polymerization.  With  higher  merlin 
amounts  polymerization  (WTx3)  was  enhanced.  The  upper  graph  A)  shows  all  of  the 
controls  whereas  the  lower  graph  B)  shows  constructs  that  induced  tubulin 
polymerization  with  higher  magnification.  The  graph  shows  an  average  of  three 
experiments. 

Figure  5 

Microtubule  cytoskeleton  is  altered  in  NF2  -/-  Schwann  cells.  A-B)  Primary  mouse 
Schwann  cells  with  merlin  null  background  (NF2Aexon2,  here  marked  as  -/-,  B)  and  the 
same  cells  with  adeno-infected  wild-type  merlin  (MWT,  A)  were  stained  for  a-tubulin 
and  imaged  with  fluorescence  microscope  at  20x  (left  panel)  and  40x  (right  panel) 
magnification.  Microtubule  organization  is  different  in  merlin  -/-  cells  and  in  cells 
expressing  merlin.  C)  Triton  X-100  lysates  made  from  the  same  cells,  and  from  NF2  +/+ 
cells  were  probed  for  merlin,  a-,  (3-,  and  acetylated-tubulin  by  Western  blot.  Ponceau  red 
was  used  as  a  loading  control.  Total  lysates  of  the  -/-  and  merlin  add-back  cells  were 
solubilized  in  6M  Urea  buffer  and  probed  for  a-tubulin  and  merlin. 

Figure  6 

Microtubule  recovery  is  faster  in  merlin  expressing  primary  Schwann  cells.  A)  Primary 
mouse  Schwann  cells  lacking  merlin  (-/-)  or  with  adeno-infected  merlin  add-back  (MWT) 
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were  treated  with  Nocodazole  to  depolymerize  microtubules.  The  block  was  released  and 
cells  were  fixed  at  indicated  time  points.  Cells  were  stained  for  (3-tubulin  and  imaged 
with  fluorescence  microscope  at  20x  magnification.  Merlin  induces  microtubule 
formation  and  enhances  Schwann  cells  in  establishing  their  normal  bipolar  morphology. 
B)  For  FRAP  experiments  the  primary  Schwann  cells  (-/-  and  MWT)  were  transfected 
with  EGFP-tubulin  and  24  hours  after  transfection  the  cells  were  imaged  for  FRAP  with 
confocal  microscope.  Prebleach  image  was  obtained  and  the  region  of  interest  (same 
region  of  interest  in  all  the  cells)  was  bleached.  Postbleach  images  were  acquired  at  two- 
second  intervals.  From  the  data  the  background  was  subtracted  and  normalized  similarly 
for  all  the  samples.  Eight  cells  of  each  construct  (-/-  and  MWT)  were  imaged  and  the 
averaged  data  was  used  for  data  analysis.  Cells  that  were  expressing  merlin  had  a  faster 
recovery  rate  of  tubulin  than  the  -/-  cells  (p<0.001). 
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Abbreviations 


AKAP 

A-kinase  anchoring  protein 

APC 

adenomatous  polyposis  coli 

BRCA1 

breast  cancer  gene  1 

EGF 

epidermal  growth  factor 

EGFP 

enhanced  green  fluorescent  protein 

EGFR 

epidermal  growth  factor  receptor 

ERM 

ezrin-radixin-moesin 

FERM 

4. 1-ezrin-radixin-moesin 

FRAP 

fluorescence  recovery  after  photobleaching 

GFP 

green  fluorescent  protein 

GST 

glutathione  S -transferase 

HRS 

Hepatocyte  growth  factor-regulated  tyrosine  kinase  substrate 

MAP2 

microtubule  associated  protein 

MWT 

merlin  wild  type 

NF2 

neurofibromatosis  2 

PAK 

p21  -activated  kinase 

PDGFR 

platelet  derived  growth  factor  receptor 

PKA 

cAMP  dependent  protein  kinase  A 

VHL 

von  Hippel-Lindau 
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